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Abstract 
 
Glacio-meteorological investigations were conducted on Storbreen glacier, as an 
attempt to assess the relationship between meteorological conditions at the glacier 
surface and its mass balance. Primary focus was set on the mass balance year 
2010/11 and in situ investigation conducted over the summer 2011, with the main 
aim of evaluating the spatio-temporal variations in ablation and albedo over the 
glacier. A discharge curve was constructed from water level measurements in 
Storbreagroven; a glacier river running from Storbreen. The surface energy 
balance was calculated from measurements obtained by an automatic weather 
station on the glacier. On average the contribution from net radiation and turbulent 
fluxes was 60% and 40%, respectively. The energy balance results were very 
sensitive to the chosen turbulent exchange coefficient which was used for the 
whole investigation period. Melt rates obtained from the energy balance 
calculations were compared to measurements from ablation stakes and discharge 
series from Storbreagroven; the overall match was fairly good. 
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1 Introduction 
Glaciers are a sensitive, dynamic system controlled to a large extent by climate. 
Numbers of studies have indicated a changing climate and that it is expected to 
change even further in the coming decades (Benestad, 2011); causing glacier 
retreat in most glacierized areas of the world. Energy balance at the boundary 
between the atmosphere and the glacier surface may be altered in a changing 
climate (Björnsson et al., 2005), warming may cause increasing longwave 
radiation, stronger glacier winds and a longer ablation period. Changes in 
precipitation, solar radiation and humidity are other variables that could contribute 
to a change in glacier behaviour (e.g. Budyko, 1968; Zuo & Oerlemans, 1997; 
Mölg et al., 2009). Mountain glaciers and ice caps play an important role in the 
hydrological cycle on the century to decadal scale (Meier, 1984) since they have a 
relatively high mass turnover. Discharge in river basins supplied by glacial melt is 
predicted to change following this climate change; the final outcome is expected to 
be reduced water supplies and hydropower potential of those basins. Collection of 
data from glaciers forms the basis for formulating and testing models linking 
meteorological parameters and glacier response to climate.  
Surface melt is one of the main factors contributing to mass loss of glaciers, the 
surface energy balance (SEB) is therefore one of the most important factors to 
study on glaciers in order to understand glacial melt (Oerlemans, 2001). Glacial-
meteorological studies focus on assessing the relation between meteorological 
conditions at glaciers and their behaviour, especially their mass balance. 
Physically-based studies of the surface energy balance (SEB) on individual 
glaciers have been conducted in many areas of the world (e.g. Björnsson, 1972; 
Oerlemans, 2000; Andreassen et al., 2008; Guðmundsson et al., 2009). Physically 
based SEB models require a high input of measured variables; e.g. radiation, 
temperature and heat fluxes over a glacier surface. The high data requirement 
makes it impossible to model SEB for all glaciers and research based on a full SEB 
is therefore sparse. A detailed evaluation of factors influencing the variability in 
ablation and its connection with runoff from glaciers is important for a good runoff 
forecast from glacierized basins and for an improved model of the surface energy 
balance. 
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Glaciological and meteorological data from Norwegian glaciers have been 
collected for several years in order to investigate the interaction between climate 
and glacial melt (e.g. Messel, 1985; Andreassen et al., 2008; Giesen et al., 2008; 
Giesen et al., 2009). Previous studies have indicated that energy contribution from 
individual surface energy balance components on Norwegian glaciers differs from 
maritime glaciers on the west coast to the more continental ones; there is a general 
increase in the contribution from net radiation from west to east (Messel, 1985). 
The mass balance of maritime glaciers is more sensitive to variations in winter 
balance while glacier located further inland are more sensitive to variations in 
summer balance (Andreassen et al., 2005). 
Weather stations located on glaciers provide a good understanding of processes 
occurring at the boundary between the atmosphere and the glacier surface. In order 
to investigate the energy budget at the glacier surface and the contribution from 
different meteorological factors to glacial melt, automatic weather stations 
(AWSs) have been operated on glaciers for several years. In September 2001 an 
AWS was erected in the ablation zone of Storbreen glacier; it is operated by the 
Institute of Marine and Atmospheric research Utrecht (IMAU) and is a part of their 
network of AWSs on glaciers. Glacier mass balance data have been collected and 
time series are available from the year 1949 from Storbreen. In 1949 Olav Liestøl, 
at the Norwegian Polar Institute (Liestøl, 1967), chose Storbreen to be investigated 
in more detail than other glaciers in Norway. There were several factors that made 
the glacier well suitable for monitoring, among others that the drainage basin was 
well defined with sharp and well defined limits and had a high percentage of 
glacier cover, which is preferable for hydrological research (Liestøl, 1999), 
especially for runoff measurements. Storbreen is also not too big nor small, its 
geometry is relatively simple, the glacier is accessible, has few crevasses and has 
an altitude range that allows for the detection of equilibrium line altitude (ELA) 
variability; all those factors make a glacier well suitable for glaciological 
monitoring (Kaser et al., 2002). Since 1994, the Norwegian Water Resources and 
Energy Directorate (NVE) has measured the mass balance at Storbreen (among 
other glaciers in Norway). The AWS data collected on Storbreen along with the 
mass balance data has been used in recent publications (e.g. Andreassen et al., 
2006; Andreassen et al., 2008; Andreassen & Oerlemans, 2009)   
 3 
 
1.1 Study objectives 
This study is concerned with the physical processes governing the surface mass 
balance at Storbreen glacier, focusing on understanding how different factors 
affect glacial melt and runoff. This study is mainly built upon meteorological data; 
collected by an automatic weather station located on Storbreen and by weather 
stations nearby. This study is also based on glacio- and hydrological investigations 
on Storbreen in the summer of 2011, at which time ablation was assessed by the 
reading of ablation stakes and albedo was measured. Water level was measured; 
manually and automatically, in the glacial river Storbreagroven which drains the 
glacier. 
 
Answering the following questions is the main objective of this thesis: 
- Do different locations of ablation stakes affect mass balance calculations?  
- Is albedo measured at the automatic weather station on Storbreen representable for 
the albedo at the whole lower part of the glacier? 
- What components of the energy balance equation give the highest contribution to 
melt in the ablation area of Storbreen? 
- Do discharge fluctuations relate to meteorological factors over daily and sub-daily 
timescales? 
- How do weather conditions around Storbreen in 2010/11 differ from conditions in 
previous years; 2007-2009? 
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Structure of the thesis 
This thesis is divided into 7 chapters. Chapter 1 has already given an introduction 
and listed the study objectives of the thesis. Chapter 2 gives a review of the theory 
this study is based on. A description of the study area is given in Chapter 3. 
Chapter 4 presents the methodology used; during data collection and processing. 
Chapter 5 presents analysis of collected data. Finally a discussion and conclusions 
are given in Chapters 6 and 7.  
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2 Theory 
2.1 Glacial mass balance 
In order for glaciers to form, total accumulation of snow must exceed the ablation 
for several years in a row. Accumulation and ablation on glaciers is not solely in 
the form of falling and melting of snow, firn or ice; accumulation can also include 
snow from avalanches falling from adjacent hills and snow drift, ablation can also 
be in the form of e.g. calving. The term glacier mass balance is used to describe 
these changes; a mass balance of a glacier describes its mass budget and is positive 
if the accumulation exceeds the ablation and the glacier gains mass, otherwise it is 
negative. Mass gain or loss is not distributed evenly over the glacier surface, but 
displays large spatial variability. In most cases the mass balance is given for a one 
year period, which captures one accumulation and one ablation season. The mass 
balance may be calculated using the stratigraphic method, which follows the 
previous summer surface; change in surface level is then measured between two 
dates, usually with ablation stake measurements. The total lowering (or rising) of 
the surface is measured and the difference between measurements multiplied by 
the density of snow or ice, which gives the annual specific balance (ba). The 
specific balance is then expanded to a glacier-wide balance (Ba) by interpolating it 
over the whole area of the glacier. The term annual balance, ba is used here instead 
of the term "net balance (bn)" which is often seen in the literature; this change was 
proposed by Cogley and others (2011). The annual balance is given in meters 
water equivalent (m w.e.), which is derived from density and height of snow or ice 
column. Density for snow layers generally ranges from 50 to 550 kg/m
3
 
(Armstrong & Brun, 2008). The density of glacial ice may vary from 820-923 
kg/m
3
 (Shumskiy, 1959; Cuffey & Paterson, 2010), it is though common to assume 
a number of 900 kg m
-3 
(Hock, 2005; Cuffey & Paterson, 2010). In Norway, 
ablation is measured in fall (usually in September or late August) and the 
accumulation in May. The winter (bw) and summer (bs) balance are calculated 
separately, the sum of the two components gives the annual mass balance (ba); an 
estimate of the mass balance at that point: 
ba = bw + bs 
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2.2 Surface energy balance 
In order for a surface not to lose or gain energy, the amount of outgoing and 
consumed energy must be balanced with incoming energy. The surface will get 
warmer if there is an energy surplus and cooler if there is a loss of energy. There 
are several components that build up the surface energy balance (SEB) and it is 
possible to quantify the contribution of each of them to surface glacial melt. The 
glacial surface energy balance equation where E stands for energy available for 
melt (W/m
2
) can be written:  
E = Sin + Sout + Lin + Lout + HS + HL + G 
Where Sin and Sout are the incoming and reflected part of the solar radiation; 
respectively, Lin is the incoming and Lout is the outgoing longwave radiation. HS 
and HL are the turbulent heat fluxes; HS being the sensible and HL the latent. G 
stands for the glacier heat flux. Energy fluxes directed towards the surface are 
considered as positive. The surface cannot store energy so the flux must be 
balanced at any given time. The components of the surface energy balance 
equation used in this thesis are shown schematically in figure 2.1 and described in 
more detail below. 
 
Figure 2.1. Schematic figure of the components of the surface energy balance equation. 
Radiative fluxes 
Radiative fluxes include the largest fluxes; incoming and outgoing shortwave- and 
longwave radiation. Incoming shortwave radiation (Swin) consists of three 
components; direct-, diffuse- and reflected radiation. Contribution from the 
different components varies with atmospheric conditions; e.g. in clear sky 
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conditions direct incoming solar radiation is the biggest component, and diffuse 
radiation if there are overcast conditions (Oerlemans, 2001). Their intensity 
depends mainly on cloud conditions and topography; such as aspect and shading 
(e.g. Hock, 2003; Wild et al., 2005; Ohmura, 2006). Swin shows large variations in 
both time and space; e.g. over the span of one day it varies as the sun rises and sets 
and it also varies with the seasons. In many places Swin contributes most energy to 
the glacier surface energy flux and hence the energy available for melt; its 
contribution decreases with latitude but increases with altitude and continentality 
(Willis et al., 2002; Sicart et al., 2008).  
The difference between incoming (Swin) and reflected (Swout) shortwave radiation 
is referred to as net shortwave radiation (Swnet). The ratio between Swin and Swout 
is the albedo α: the amount of shortwave radiation reflected of the surface. The 
albedo varies in time and space at the glacier surface (Hock, 2005) and can range 
from c. 0.9 for fresh snow down to 0.4 for clean glacial ice and down to c. 0.1 for a 
debris covered ice (e.g. Wiscombe & Warren, 1980; Oerlemans, 1993). 
Throughout the ablation season albedo of a glacier surface typically decreases 
unless there is a summer snowfall, first because of the metamorphism and melting 
of snow, then when glacier ice resurfaces the albedo falls below c. 0.4. The 
amount of radiation a surface reflects depends on many factors, e.g. concentration 
of debris and dust, topography, cloudiness, water content and the morphology of 
the surface. Small scale variations in albedo values are often evident over large 
areas; patchy snow cover caused by differential melting or snow drift can cause 
albedo differences on a small scale and so does surface roughness and small scale 
relief (Armstrong & Brun, 2008). From this it is evident that the most effective 
energy absorption of the glacier surface; and hence melting; occurs late in the 
ablation season when the surface has a lower albedo. The timing of albedo changes 
will therefore largely affect the surface energy balance and the amount of melt 
(Greuell & Genthon, 2003). 
In the absorption process of Swin, an increase in surface temperature takes place; 
the surface then cools by emitting longwave/thermal radiation (Lwout) as a function 
of temperature. A melting glacier surface has a constant temperature of 0°C, hence 
the Lwout can be considered to be a constant of 315.6 W/m2 over the ablation 
season (Oerlemans, 2001). Long wavelengths are not reflected (or scattered) by 
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objects; for example by the glacier surface, clouds or atmosphere; but absorbed 
and result in heating which again results in more intense radiation. Of the many 
factors controlling longwave incoming radiation (Lwin) intensity, cloud cover and 
air temperature are normally the main factors (Giesen et al., 2008); warm and 
humid weather conditions therefore lead to higher Lwin. Clouds absorb relative 
little of Swin while they affect the radiation by scattering and reflection, hence 
reducing the amount of radiation reaching the ground. The effect a cloud cover has 
on the total radiation depends on cloud and surface properties (Armstrong & Brun, 
2008). Incoming longwave radiation varies less than shortwave radiation and 
normally cancels out with outgoing longwave radiation (Hock, 2005), it can also 
contribute negatively to melting (Giesen et al., 2008).  
Together, radiative fluxes usually account for 50-80% of the melt energy at a 
glacier surface; normally they are more important at continental alpine glaciers 
(Willis et al., 2002; Hock, 2005).  
Sensible and latent turbulent heat fluxes HS + HL 
Turbulent heat fluxes are a significant component of the energy balance budget at 
the glacier surface, especially on high latitude maritime glaciers where their total 
contribution to melt can reach 50% (e.g. Sicart et al., 2008). Sensible heat is heat 
that can be sensed by us and other objects; it is positive towards the surface if the 
air is warmer than the glacier surface. Latent heat is transferred when water 
changes phase e.g. by the evaporation of water vapour. Turbulent heat fluxes are 
primarily driven by gradients in temperature and vapour pressure between the 
glacier surface and the atmosphere and enhanced by turbulence (wind) in the 
lowest most atmosphere (Oerlemans, 2001). Surface characteristics and 
atmospheric conditions influence the turbulent fluxes; as eddies are formed when 
the wind blows over an uneven surface, leading to vertical mixing of air on a small 
scale (Cuffey & Paterson, 2010).  
It is possible to measure the turbulent fluxes, it is however quite problematic and 
the fluxes are therefore usually estimated (Greuell & Genthon, 2003). To 
accurately calculate the turbulent fluxes it is desirable to have measurements of 
wind speed and temperature from at least two levels in the lowest 10 meters above 
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the glacier surface (e.g. Morris, 1989; Oerlemans, 2001). It is possible to calculate 
the turbulent fluxes with the bulk method for a glacier surface which is at the 
melting point; the fluxes are then calculated as the difference between surface 
conditions and measured conditions at some height above the surface, exploiting 
the fact that an ablating surface has a constant temperature of 0°C, a constant 
vapour pressure of 6.11 hPa and assume that the wind speed is zero.  
Glacier heat flux G 
The glacier heat flux G is the exchange of energy between sub surface layers and 
the surface of the glacier. On temperature glaciers this flux is very small, except 
for the flow and refreezing of melt water which contribute a latent heat flux. When 
the surface is ice the molecular conduction is the only process (Oerlemans, 2010).  
2.3 Glacial runoff 
If there is snow or ice on the surface of a glacier and there is a surplus of energy 
towards the surface, the energy will be used for raising surface temperature to 
melting point and then for melting. At many glaciers ablation is mainly caused by 
melting at the glacier surface; followed by the runoff of melt water. This melting 
occurs mainly over the summer season and does therefore have a modification 
effect on streamflow in adjacent lowlands. In order for runoff to start the 
temperatures of snow, firn and ice must first be raised to the melting point of 
water. The temperature in the snowpack follows air temperature, with some phase 
lag and smaller amplitude. The first days with air temperatures above 0°C does not 
necessarily raise the temperature of the whole snow pack to melting point; but 
when it does runoff starts. The amount of energy required to raise the temperature 
of a snowpack to melting point is often referred to as its cold content. Ice can 
never reach higher temperature than a fraction of a degree under 0°C, at higher 
temperatures the ice turns into liquid; it changes state. When a layer of snow or ice 
turns into liquid water it percolates down into the snow pack where it refreezes on 
colder layers and releases latent heat, which further heats up the pack. This heating 
process occurs rapidly on the lower most part of temperature glaciers, and the 
entire snow cover can disappear within weeks (Oerlemans, 2010).  
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At higher latitudes glacier melt rate varies with seasons; over the summer months 
large amount of glacier runoff enters the glacial rivers while over the winter 
months discharge is close to zero. In the beginning of the ablation season a rapid 
influx of large amounts of water enters the drainage system caused by the melting 
of winter snow; both on the glacier surface and the surrounding topography. The 
discharge also varies between years and on the daily time scale. Over the day 
meltwater enters the river at variable times, depending on e.g. the runoff distance 
and diurnal weather cycles. The timing varies throughout the season and maximum 
discharge has a tendency to occur earlier in the afternoon later in the ablation 
season (Lang, 1973); most likely due to a more developed drainage system.  
Total streamflow shows inverse fluctuations to glacier net balance; when glaciers 
have a positive net balance there is a decrease in streamflow and vice versa for 
years with negative net balance (Fountain & Tangborn, 1985). Glacier retreat, 
caused e.g. by warming climate will affect runoff so that when glacier volume has 
decreased it will lead to less streamflow despite of negative mass balance (Hock, 
2005).  
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3 Study area 
A man should look for what is, and not for what he thinks should be 
~ Albert Einstein 
3.1 Geographical and climatic setting 
Storbreen (61°34' N, 8°8' E) is located in Leirdalen; western Jotunheimen, 
southern Norway. Jotunheimen is a mountainous area and Galdhøpiggen, the 
highest peak of Norway (2469 m a.s.l.) is located there. The name, Jotunheimen, 
stands for ‘the world of giants’ (Jotuns); it is easy to understand why it was given 
its name, many high mountain massifs with glaciers sliding down the sides and in 
between the mountains there are many beautiful U-valleys, some of them which 
are filled with green glacier lakes. The climate in Jotunheimen is generally 
characterized by the alternating presence of maritime air masses, coming from the 
west and bringing warm and wet air, and the presence of cold and dry continental 
air masses in the interior. The large-scale average wind direction in southern 
Norway is between south and west, but local variations are to a large extent caused 
by the effects of topography. There is a pronounced west-east precipitation 
gradient in Jotunheimen (Andreassen et al., 2005; Andreassen & Oerlemans, 
2009), causing glaciers furthest to the west to receive more precipitation and have 
a higher mass turnover then the ones in the east (Chorlton & Lister, 1971).  
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3.2 Storbreen glacier 
Storbreen glacier (figure 3.1) is located on the eastern slope of the Smørstabb-
massif, neighbouring the largest glacier in Jotunheimen, Smørstabbreen glacier. 
Storbreen is a 3 km long glacier that can be considered to be a combination of a 
valley glacier and a cirque glacier. It is surrounded by several mountains which are 
around 2000 meters high; Store Smørstabbtinden being the highest at 2208 m a.s.l. 
The elevation of the glacier starts at 1400 m a.s.l. at the north-eastern margin and 
extends up to 2102 m a.s.l. at the rock wall that bounds the upper part of the 
glacier to the west. A subglacial ridge divides the glacier into two parts, a lower 
and an upper one. The glacier has an average slope of 14° and an uneven surface, 
ice thickness measurements indicate that it is on average c. 115 m thick 
(Andreassen et al., 2006), probably thickest in the south-eastern area (Liestøl, 
1976). Compared to other Norwegian glaciers, Storbreen is considered to be a 
continental glacier and summer balance variations have therefore a larger control 
on its inter-annual net balance variability (Andreassen et al., 2005). 
The glacier covered an area of c. 5.1 km
2
 in 2009 (Andreassen et al., 2011). It has 
experienced a near continuous retreat and downwasting since 1949, with a c. 10% 
decrease in area, a 20% reduction in volume and over 0.5 km retreat in length 
(Andreassen, 2009; Andreassen et al, 2005). It is estimated that Storbreen will lose 
a further 30% of its volume by 2050, and its extra annual runoff will be c. 4 
million m
3
 (Andreassen et al., 2006).  
The river Storbreagroven drains the glacier to the north-east. Drainage basin of the 
discharge station (figure 3.1) is c 8.5 km
2
 which gives a glacier cover of c. 60%. 
The drainage basin has an average precipitation of 1500-2000 mm/a (normal for 
1970-2000), with higher mean precipitation in winter than in summer. Snow 
covers the basin for c. 250 days each year (normal for 1961-1990), with a 
maximum of c. 4.0 meters. The estimated mean annual temperature is c. -5.2°C 
with a mean of 1.5°C in summer and -10°C in winter (unpublished data from 
senorge.no).  
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Figure 3.1. Location map of Storbreen, Norway. The map shows the extent of the hydrological 
drainage basin, glacier extent for the years 1940, 1968, 1997 and 2009, location of the automatic 
weather station (AWS) and of the hydrological station.  
Storbreen has been among the most researched glacier in Norway for decades, it 
has the longest mass balance measurement series of all glaciers in Norway and the 
second longest in the world; extending back to 1949 (Andreassen et al., 1999) the 
results are displayed in figure 3.2 (Kjøllmoen, 2011). Summer balance usually 
fluctuates more than winter balance. The main mass balance trend is negative, 
except for a short period around 1990 which was caused by a combination of 
larger than normal winter balance and less negative summer balance (Andreassen 
et al., 2005). The cumulative annual balance for this period has resulted in 19.16 m 
w.e. decrease (e.g. Kjøllmoen, 2011). Since 2000 the glacier has had a relatively 
large mass balance deficit.  
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Figure 3.2. Annual mass balance values for Storbreen, years 1949-2010; ba stands for annual mass 
balance and bw and bs stand for winter and summer balance; respectively.   
Today ablation is measured at 7 stakes, snow depth in c. 100 points and snow 
density in 1-2 pits (Kjøllmoen, 2011). This is less than in the first years when 
ablation was measured at 30 stakes; evenly distributed on the glacier, snow depths 
in c. 600 points and snow density in at least 3 snow pits each year (Liestøl, 1967).  
In the summer of 1955 Olav Liestøl established a meteorological project on 
Storbreen with the purpose of looking into the effect of different meteorological 
factors on the glacier surface (Liestøl, 1967). An automatic weather station was 
erected on the lower part of the glacier and measured temperature, humidity and 
radiation; the ablation was also measured. His observations revealed that net 
radiation contributed most energy to melt with a total of c. 54%, and the heat 
fluxes HS and HL contributed by c. 32% and 14%, respectively.  
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4 Methodology 
If we knew what we were doing, it wouldn't be called research, would it? 
~ Albert Einstein 
4.1 Data collection 
Data from the automatic weather station on Storbreen (AWS), weather stations off 
glacier, Digital Elevation Models (DEMs) and discharge series were collected 
and/or worked by others and then downloaded or retrieved. The data from the 
AWS on Storbreen was provided by Liss Marie Andreassen at NVE and Rianne 
Giesen at IMAU (personal communications, 2011); raw data processing of the 
2006-2011 data from the AWS was done by Rianne Giesen. DEMs, glacier extent 
data and other glaciological data from Storbreen were provided by Liss Marie 
Andreassen (personal communication, 2011 and 2012). Water level and discharge 
series from the river Storbreagroven were supplied by Rolf Steinar Olstad at the 
NVE (personal communication, 2011). Data from weather stations off glacier were 
downloaded from eklima.no (in 2011 and 2012).  
4.1.1 Field data collection 
Glaciological work 
Field data were collected during several field trips: May 2-4, May 20-21, June 30 – 
July 9, August 15-18, September 12-13 in 2011 and February 10-11, 2012.  
Prior to this study an AWS and four ablation stakes (S1 – 3 and one at the AWS 
location) were located on the lower part of the glacier; number S1 being the lower-
most one (figure 4.1). The stakes are spaced evenly along the approximate 
centreline of the glacier. On the upper part of the glacier there are four stakes; S4 
(1722 m a.s.l.), S6 (1857 m a.s.l), S7 (1712 m a.s.l) and S8 (1777 m a.s.l.). On 
May 2 – 4, 2011 mass balance measurement were conducted by NVE. Snow depth 
was measured on the glacier by probing along profile transects and around all of 
the stakes, every other measurement is mapped in figure 4.1. Two density snow 
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pits were dug, one close to the AWS (1575 m a.s.l.) and another one at the higher 
part of the glacier; in the vicinity of stake number S4.  
 
Figure 4.1. Map of Storbreen showing the position of the AWS, ablation stakes, hydrological 
station, snow pits, probing points and measured snow depth. The glacier extent and contours (50 
m.) are from 2009. 
Ablation measurements 
To capture the spatial difference in melting along the width of the glacier, eight 
additional stakes were added in the ablation zone. Holes were drilled into the 
glacier ice with a manual auger and the stakes; 2x2 meters made from galvanized 
aluminium, installed into the holes. The stakes were located along a transect 
perpendicular to the ice flow and to each of the previous stakes; they were located 
approximately 100 meters away in each direction at the same elevation (± c. 5 
meters). Stakes located on the north-west side of S1-3 and the AWS stake were 
named S1-3 A and SAWSA respectively, and stakes on the south-east side S1-3 B 
and SAWSB. At the time of installation snow depth around the stakes was 
measured with a probe rod. Further information about each of the stakes is listed in 
table 4.1.  
 17 
 
Table 4.1. Ablation stakes located in the ablation zone of Storbreen; in 2010/11. 
 
 
Ablation measurements are simple in concept; the ablation stakes are assumed to 
be frozen in the glacier ice and are visited several times over the ablation season to 
measure their exposed length above surface. The difference in length is then used 
to determine the amount of melt between measurements. Ablation at the stakes 
was measured by the ‘‘straight edge method‘‘ (Muller & Keeler, 1969) and the 
stake length exposed measured to the nearest 0.1cm. Overview of the ablation 
stake observations is given in Appendix 1.  
Snow density was measured on July 5 at stake S3 and in a snow patch around S3 
on July 8; after July 8 the snow had disappeared from the stake. Snow depth was 
measured with a probe rod and a ruler, before the snow core was taken. Coring 
was done at some distance from the stake, so to not disturb the surrounding snow. 
Measurements were done with a 7.2 cm diameter coring tube which was 49.6 cm 
in length. The snow pit density was used to convert measured surface lowering 
around stakes into water-equivalent (w.e.) while snow is still present, when all the 
snow has melted away the surface is assumed to be ice and density for ice used 
(900 kg/m
3
).  
  
m a.s.l. East North
S1 1497 455497 6827629
S1A 1470 455326 6827726
S1B 1491 455556 6827536
S2 1549 455313 6827326
S2A 1556 455139 6827314
S2B 1554 455432 6827231
AWS 1575 455323 6827156
SAWSA 1565 455119 6827225
SAWSB 1576 455458 6827068
S3 1599 455042 6826859
S3A 1604 454874 6826995
S3B 1603 455295 6826875
GPS- UTM 32V Euref89 
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Albedo measurements 
A number of albedo measurements were collected at the lower part of Storbreen 
throughout the season, at all of the stakes. Albedo was measured with two 
instruments, hereafter referred to as instrument #1; which has a Kipp and Zonen 
sensor on top; and instrument #2 which has a more simple sensor (figure 4.2 a/b); 
both are owned and were provided by the Institute for Marine and Atmospheric 
research Utrecht (IMAU). The instruments measure incoming shortwave radiation 
(Swin) from the sun and reflected shortwave radiation from the surface (Swout) in 
watts (W), the ratio Swout/Swin then gives the surface albedo. Measurements with 
both instruments were done in May visit and one measurement at the end of June. 
Instrument #2 did not show reliable results so the instrument was not used further, 
measurements with instrument #1 were continued throughout the season. 
Measurements were made approximately 3 meters down and up glacier from the 
stakes, giving at least 2 measurements around each stake. 
 
Figure 4.2. Albedo measurements being performed a) with instrument #1 (At stake S3, June 21), b) 
with instrument #2 (At stake S2A, July 6) (Photos: Helga María Heiðarsdóttir (HMH)).  
  
a b 
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Hydrological measurement in Storbreagroven 
A hydrological station was established in Storbreagroven in September 2010, and 
has been running since. There is a data gap in the series as data for the period 
December 30, 2010 until January 7, 2011 was not retrieved. The exact same value 
was recorded before and after those dates.  
Water level is automatically measured at the station. In order to establish a water 
discharge curve discharge measurements at different water levels need to be done.  
Discharge measurements were performed at several water levels in 2011, 
regretfully those measurements did not give enough data to form a solid discharge 
curve. Still, those measurements were considered to be enough to make up a 
temporary discharge curve, a curve which was used in this thesis (see chapter 4.2.2 
for further information about the discharge curve).  
The water level was manually measured throughout the ablation season; as a 
complement to the NVE automatic measurements, in order to improve the water 
discharge curve. The measurements were done from the secondary bolt (at 
9,283m) with a ruler, level and a plastic tube. The water is very turbulent hence the 
plastic tube, into which the ruler was lowered (figure 4.3). The measurements were 
always done by the same person to avoid inconsistency. 
 
Figure 4.3. Manual water level measurements being performed in Storbreagroven, May 2011. 
(Photo: Liss M. Andreassen) 
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4.1.2 Automatic weather station data 
A four year meteorological data record for the mass balance years 2006/07-
2008/09 and 2010/11, was attained from the automatic weather station (AWS) on 
Storbreen (figure 4.4). The AWS is located in the ablation zone at c. 1570 m a.s.l. 
(61°34’N, 8°8’E), in an area with a 7° slope (Oerlemans, 2010). It stands freely on 
the ice and sinks with the melting surface; hence over the ice melt period the 
distance to the surface remains almost constant. Daily measurements at c. 5.7 
meters above the ice surface of: air temperature (T), wind speed (WS) and 
direction (WD), relative humidity (RH) along with the four components of the 
radiation budget (Swin, Swout, Lwin and Lwout) and the surface height (by a 
Campbell Scientific SR50 sonic ranging sensors, one mounted on the AWS and 
another one mounted separately on a tripod adjacent to the AWS) have been 
performed since September 2001. Radiation (W/m
2
) is measured with a Kipp and 
Zonen pyranometer; each component by two sensors, one facing upward and the 
other downward towards the glacier surface. 
The meteorological parameters are measured automatically every few minutes, 
converted into 30 minute mean values and stored (in a data logger) at a half-hourly 
time step (Andreassen et al., 2008). Information given by the manufactures about 
range and accuracy of the AWS instruments is given in table 4.2.  
Table 4.2. Overview of parameters measured at the AWS and the range and accuracy of the 
measurements (modified from Andreassen et al., 2008).  
 
 
 
 
 
 
Variables Range Accuracy
Shortwave radiation 0-2000 W/m2 ± 10% for daily sums
Longwave radiation ‾ 250 to + 250 W/m2 ± 10% for daily sums
Air temperature ‾ 39.2 to +60° C ± 0.2 (at +20° C)
± 0.5 (at -39.8° C)
Relative humidity 0.8-100% ± 2-3%
Wind speed 1-100 m/s ± 0.3 m/s
Sonic ranger 0.5-10 m ± 0.01 m
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Figure 4.4. a) The automatic weather station on Storbreen (Photo: HMH) b shows its location 
(indicated by the red dot) and of the hydrological station (yellow dot) (Photo: Liss Marie 
Andreassen; July 27, 2008).  
4.1.3 Other data 
Weather stations off glacier 
Meteorological data from the AWS on Storbreen was compared to data from 
weather stations off glacier, in order to investigate how comparable those stations 
are. In this thesis two weather stations that are in close proximity to the glacier 
were used; Sognefjellhytta, 8 km west of Storbreen and Juvvasshøe, 16 km away 
to the north-east (Figure 4.5). Both stations are maintained by the Norwegian 
Meteorological Institute and provide data of temperature and wind; Juvvasshøe 
provides some information about snow depth, table 4.3 summarizes their 
measurement variables. Mean daily meteorological values were downloaded from 
eKlima portal (www.eklima.no). 
a b 
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Figure 4.5. Location map of the weather stations; Sognefjellhytta, Juvvasshøe and the AWS on 
Storbreen. 
Table 4.3. Overview of parameters measured at the three weather stations. Distance is the distance 
of station from Storbreen glacier. T stands for temperature, RH for relative humidity, R for 
radiation, WS for wind speed, PR for air pressure and SD/P for snow depth/precipitation. 
 
The stations are all located in quite different settings. Sognefjellhytta (1413 m 
a.s.l.) is the highest point along the famous Sognefjellsveien (tourist-road) on top 
of Sognefjellet. Juvvasshøe (1894 m a.s.l.) is a mountaintop located at Juvflya; a 
mountain plateau in Jotunheimen. Mean annual air temperature for the period 
1961-1990 is estimated to be -4.7°C at Juvvasshøe and –3.1°C at Sognefjellhytta 
(unpublished data from eklima.no), the prevailing winds are from south and west. 
Mean annual temperatures for the period 2006-2011 are listed in table 4.4.  
Table 4.4. Mean annual temperatures (°C) around Sognefjellhytta and Juvvasshøe; for the period 
2006-2011 (data from eKlima.no). 
 
 
Station name
Altitude 
(m a.s.l.)
Distance 
(Km)
Operating T RH R WS WD PR P/SD
Sognefjellhytta  1413  8 1978 x x x
Juvvasshøe  1894  16 1999 x x x /x
AWS at Storbreen  1575  0 2001 x x x x x x /x
Station 2006 2007 2008 2009 2010 2011
Sognefjellhytta -0.6 -1.8 -1.8 -1.9 -3.6 -0.9
Juvvasshøe -2.7 -3.1 -3.5 -3.7 -5.4 -2.8
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Digital elevation model 
Before the year 2009, five topographical maps in the scale of 1:10000 with 10 m 
contour intervals were available for Storbreen. The oldest map of Storbreen is 
from the year 1940 while the newest was from 1997 (For more details about the 
maps see (Liestøl, 1967; Andreassen, 1999). A digital elevation model (DEM) 
constructed from vertical aerial photos taken in 1997 is available (Andreassen, 
1999). In 2009 a new DEM of the glacier was constructed from laser scanning and 
aerial photography data from 2009. 
4.2 Data processing 
4.2.1 Automatic weather station data 
In this chapter a short review of the AWS data processing is presented. Raw data 
for 2010/11 were downloaded from the station on August 12 and September 13. 
The raw data for the period 2006/07-2010/11 were processed by Rianne Giesen at 
IMAU; using a Fortran program which corrects air temperature for radiation 
effects and relative humidity for air temperatures below the melting point. The 
glacier heat flux component was left out of energy balance calculations, as it had 
been indicated that it is usually very small on temperate glaciers.  
For comparison of AWS data between different years I chose to let a mass balance 
year start on day of year (doy) number 255 (September 12) and end on doy number 
254, the following year. That was done to correspond with the typical timing of 
ablation measurements at Storbreen, and therefore the approximate start of a mass 
balance year. 
Data gaps 
Data are missing from the AWS from August 22, 2009 (doy 234) until July 15, 
2010 (doy 196); because of a memory card error. For the year 2008/09 data are 
missing for doy 233 until 254 (August 22 to September 11, 2009), those days were 
left out but the year 2008/09 used in the comparison. In the year 2009/10 the gap 
was larger, or from doy 255 in 2010 until doy 196 the following year (September 
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12, 2009 to July 15, 2010); 307 days in total, hence the whole year was left out 
from the comparison and a value of zero used when the year was included in 
graphs.  
Quality of AWS data for the period 2006-2011 was examined; some short data 
gaps and erroneous values were discovered and eliminated from the analysis. 
Information on further data treatment for each meteorological parameter measured 
by the AWS is given in the following text. 
Radiation 
Albedo (α) was calculated as the ratio between the incoming and reflected 
shortwave radiation (α: S↑/S↓). A value of 1 indicates that all incoming radiation is 
reflected back; values exceeding 1 can occur and could e.g. be caused by snow 
covering the pyranometer measuring incoming shortwave radiation. Values 
exceeding 1 were normally only evident in measurements from winter periods 
(November - February). Albedo values exceeding 1 in the winter season were set 
to 0.9; which is the value for fresh snow, and net solar radiation was set to zero 
when values were negative. Values exceeding 1 in the summer season were 
eliminated.  
Daily albedo was calculated as the daily mean of measured values; which occur 
only in day time. The accumulated albedo method (Van den Broeke et al., 2004) 
has previously been used in order to remove effects caused by a possible tilt of the 
instrument that measures radiation and of poor cosine response of the radiation 
sensor at low sun angles. The effect of this method is though negligible when 
using daily averages (Giesen et al., 2009) plus it removes the daily albedo cycle 
(Andreassen et al., 2008), the method was therefore not used in this study.  
Surface temperature is not measured at the AWS and was therefore calculated 
from measured outgoing longwave radiation (Lwout): 
Ts = (Lwout/σ) 
¼
. 
Where Ts is the surface temperature and σ is the Stefan-Boltzmann constant 
(5.67*10
-8
 J /mK
4
s). Radiation emitted by the atmosphere between the surface and 
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the longwave radiation sensor could introduce some error when using this method; 
especially when the air is much warmer than the surface. 
Temperature and relative humidity 
The temperature sensor is naturally ventilated, which can lead to overheating of 
the sensor and high measured temperature readings at times when wind speed is 
low and solar radiation is high; caused by poor ventilation. It is possible to 
calculate the errors and correct measured air temperatures by using a routine by 
Smeets (2006); the routine uses wind speeds and net shortwave radiation to correct 
the errors. Calculations resulted in a mean temperature correction of 0.33°C for the 
2010/11 data, examples of the corrections are given in table 4.5.  
Table 4.5. Example of air temperature corrections. 
 
The humidity sensor at the AWS measures relative humidity (in %) with respect to 
water. This gives values that are too low for air temperatures below the melting 
point. Values were corrected by multiplying them by the ratio of the saturated 
water vapour pressure over water and over ice, using the expression of Curry and 
Webster (1999).  
Wind and air pressure 
At the AWS air pressure, wind speed and direction are measured at 5.7 meters 
height above the glacier surface. Wind speed is measured in m/s and the wind 
direction is given in degrees; where 0/360° is north. Half hourly measurement 
values were counted to derive the most common wind direction. Air pressure is 
measured in Pascal (Pa) and was converted to hectopascal (100 Pa: 1 hPa).  
 
T Correction factor T - Corrected
(°C) (°C)
7.02 0.62 6.40
6.92 0.59 6.33
7.06 0.47 6.59
7.25 0.42 6.83
7.24 0.32 6.92
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Turbulent heat fluxes 
Turbulent heat fluxes are not measured at the AWS, they can be calculated by the 
bulk method using measurements of temperature, wind speed, air pressure and 
humidity. The following formulas were applied:  
                        
                                 
Where ρ is air density, CP is the specific heat capacity of dry air at constant 
temperature (1005.7 J/K kg), Cturb is the turbulent exchange coefficient; assumed 
to be equal for both fluxes. Ta air stands for temperature, v for wind speed and P 
for air pressure. The ea and es are air vapour pressure and saturation vapour 
pressure, respectively. LV,S stands either for latent heat of vaporization (LV) or 
sublimation (LS); which one is used depends on the surface temperature.  
Unknown variables needed for calculations of the turbulent fluxes are air density 
(ρ), es, ea and Cturb : 
- Calculations for air density at different temperatures, pressure and humidity, gave 
similar values. For example; for moist air density using -4°C, pressure of 852 hPa 
and 77% relative humidity (RH) gave 1.101 kg/m
3
 and using 5°C, 885 hPa and 
RH 80 % gave 1.105 kg/m
3
. Dry air density at 4°C and 852 hPa is 1.071 kg/m
3
 
and at -5°C and 885 hPa it is 1.150 kg/m
3
. It does appear that the difference is 
small. Mean values for this period (2006/07-2008/09 and 2010/11) at Storbreen 
were c. -2°C, 830 hPa and 80% RH, those values give 1.067 and 1.064 for dry air 
density and moist air density, respectively. The value 1.065 was used in this thesis 
for the calculations of turbulent heat fluxes.   
- Saturated water vapour pressure (es) was calculated from measured air 
temperature using the following equation (Curry & Webster, 1999): 
             
    
  
 
 
  
 
 
    
   
Where RV is the gas constant for water vapour, T0 temperature of melting point (in 
Kelvin degrees (K)) and Tair is the measured air temperature (in K).  
- Water vapour pressure for air (ea) was calculated using measured relative 
humidity (RH) and calculated saturated vapour pressure: 
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If vapour pressure in the air is higher than at the surface (ea > es), latent energy will 
be transported downwards as water molecules will condense on the glacier surface, 
if ea < es they will evaporate.  
- The value of Cturb depends on surface structure and is height dependent. The 
surface structure changes throughout the year e.g. because of ice melt and snow 
metamorphism; glacier ice surface is normally not as smooth as snow surface and 
it will therefore encourage the formation of bigger turbulent eddies. No 
information is available about the surface structure or how it changes through the 
year at Storbreen and Cturb is therefore assumed to be a constant over the whole 
year; hence only a rough estimation of turbulent heat fluxes can be made. Value 
for Cturb was estimated by fitting calculated melt; using Cturb as an unknown 
parameter in the energy balance equation, to observed melt from the sonic ranger.  
Sonic ranger data were used to compute Cturb, a snow free period from August 13–
September 12, 2011 was chosen and the height of the sonic ranger was considered 
to be constant. The best fit was obtained with the value 0.0028 and the turbulent 
fluxes calculated using that value as a constant. The observed and calculated 
cumulative melt curves for this period are shown in figure 4.6; the overall match is 
fairly good between observed melt and calculated melt when the turbulent fluxes 
are taken into account. A curve for calculated melt without the turbulent fluxes is 
also shown in order to illustrate how important turbulent heat fluxes are in the total 
energy flux at Storbreen; the error from not counting for the turbulent fluxes 
evidently accumulates with time and/or is larger later in the ablation season. 
Calculated melt almost equals the observed melt; even some of the small scale 
melt rate fluctuations can clearly been seen in the calculated energy balance curve.  
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Figure 4.6. Observed and calculated cumulative ice melt curves with and without the turbulent heat 
fluxes (Turb.fluxes), for the period August 13-September 12 (day of year 225-255).  
Surface height 
Half-hourly measurements of surface height were done by a sonic ranger which 
measures distance from sensor to glacier/snow surface. The sensor sends out 
ultrasonic pulses that reflect off the surface, the sensor then measures the return 
time and calculates the distance using the speed of sound at 0°C. The speed of 
sound varies with temperature, hence a correction for air temperature should be 
made for the initial measurements given by the sensor (Campbell scientific, 2003) 
Correct surface height:                                
      
  
 
Where T is measured air temperature (K) and T0 is the reference temperature of 
273.15 K. Since the temperature profile in the air between the sensor and the 
glacier surface is not known, temperature measured at the AWS is used. Height 
changes due to temperature variations disappear after this correction, and they are 
therefore important to separate snowfall events from temperature changes. The 
corrections are rather small and not important for the investigation of the melt rate 
on a long time scale, but they are quite important for the study of daily cycles 
(Oerlemans, 2010). Appropriate snow and ice densities are used to get cumulative 
water-equivalent melt records. This gives an indication of daily melt rates; though 
with accuracy errors due to surface variability, as at the ablation stakes.  
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4.2.2 Hydrological station data 
Results from the discharge measurements were used in a statistical program by 
Rolf Steinar Olstad at the NVE (personal communication in 2011); it resulted in 
the following formula for the discharge curve: 
           
Where Q is the discharge in m
3
/s at a given water level h, h0 is the height of the 
reference point 8.439, C: 7.773 and b: 1.175 are constants. To get rid of negative 
numbers a value of 3.24694097821636 was added. 
The data gap from December 30, 2010 until January 7, 2011 was closed with the 
value that was recorded before and after the gap; as at this time very little to no 
runoff from the basin is expected.  
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5 Results 
One mass balance year will be referred to as e.g. 2007/08, referring to it beginning 
in autumn 2007 (September 12) and terminating in autumn 2008 (September 11). 
Daily mean values are normally used to reduce susceptibility of final values to 
errors and hence scatter in the data. As previously noted a mass balance year starts 
on day of year (doy) number 255 (September 12) and ends on doy number 254, the 
following year. Data gap indicates the period with no retrieved values for the mass 
balance year 2009/10. Daily means are used unless otherwise mentioned. 
5.1 Glaciological investigation 
Ablation measurements 
There was a noticeable difference between measured snow depth (May, 2011) at 
the upper part of the glacier and the lower part (table 5.1). Snow depth 
measurements gave total winter accumulation (back) between 0.7- 0.9 m w.e on 
the lowest elevated stakes (S1 and S1 A-B) and 0.9-1.2 m w.e. around stake AWS 
and S3. There appears to be quite some spatial difference in snow accumulation at 
the upper part of the glacier. There was similar total winter accumulation around 
stakes S6 and S8 (1857 and 1775 m a.s.l.); 1.3-1.5 m w.e. and around the lower 
elevated stakes S7 and S4 (1712 and 1722 m a.s.l.) it was c. 0.9 m w.e.  
Table 5.1. Winter accumulation (bacc, in m w.e.), total snow depth (m) and total melt (in m w.e., 
for stakes with data that covered the whole period), around individual stakes in May-September, 
2011. 
 
 
In beginning of July almost all snow had melted away in the lower ablation zone. 
The retreat of the snowline was noted, but not scientifically measured. On July 2 
there was snow above S2 (1549 m a.s.l.) but snow free at lower elevations, on July 
4 there were snow patches between S2 and S3 (1599 m a.s.l.) and a continuous 
Stake number
S1 S1A S2 S2A AWS SAWSA SAWSB S3 S3A S4 S7 S6 S8
Total ablation (m w.e.) 3.97 3.72 3.81 3.93 3.95 3.79 3.79 3.79 3.84 2.29 2.26
Snow depth (May 2011) 1.8 1.5 1.9 1.7 2.1 1.9 2.1 2.2 2.4 1.9 1.8 2.6 3.0
bacc (m w.e.) 0.9 0.7 0.9 0.8 1.0 0.9 1.0 1.1 1.2 0.9 0.9 1.3 1.5
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cover above S3. On July 5 there were discontinuous snow patches above S3 and 
very little snow below that elevation. The snow had disappeared from the vicinity 
of stake S3 on July 9, and blue ice exposed over the whole lower part of the glacier 
while snow patches still remained above S3 (Figure 5.1).  
               
Figure 5.1. Picture taken up glacier from S3 on July 9, 2011; showing blue ice patches at the 
highest elevation of the lower part of Storbreen (Photo: HMH) 
Ablation measured at the stakes on July 5 – 9 is presented in table 5.2; surface was 
ice for the whole period at all stakes except S3 and S3 A-B where snow 
disappeared between July 6 and 8. The table shows total surface lowering (in cm 
w.e.) between two subsequent measurements. Most melting normally occurred 
between days July 6–8 at all stakes (note that it is a two day period) but with large 
difference; especially between stakes SAWSA (5.4 cm) and SAWSB (22.1 cm).  
Table 5.2. Measured surface lowering (cm w.e.) between measurements, for the period July 5-9, 
2011.   
 
July 5-6 July 6-8  July 8-9
S1 0 15.3 2.25
S1A 0 12.6 6.75
S1B 5.4 13 4.95
S2 4.95 9 4.95
S2A 5.67 6.3 12.15
S2B 1.8 8.5 9
S3 4.25 14.9 3.6
S3A 8 12.6 3.15
S3B 0 18.9 2.7
AWS 4 10.4 3.6
SAWSA 4 5.4 6.75
SAWSB 4 22.1 6.75
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Figure 5.2 shows the same daily variations as table 5.2 (surface lowering between 
July 6 and 8 was evenly divided between the two days). What is most noticeable in 
the figure is the large variability between stakes and that there is less surface 
lowering at almost all stakes between July 5-6 than between July 6-8. 
Measurements at stakes S1 A, SAWSA S2 and S2A-B indicate exceeding melting 
between the two last measurements, but decreasing at the other stakes.   
 
Figure 5.2. Surface lowering from July 5 to July 9 at stakes located in the ablation zone on 
Storbreen, in 2010/11, 
There was often substantial difference in surface lowering around the ablation 
stakes (figure 5.3); both at snow and ice surfaces. This difference was mainly 
caused by the stake itself; radiating heat and causing melting of the surrounding 
snow or ice. There was also often difference in surface conditions around the 
stakes, observational notes indicate e.g. a small stream running through S1 A for a 
large part of the observational period (June 30–September 13) and accumulation of 
runoff water around S2 A (July 2-9). 
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Figure 5.3. a) snow melt around a stake on Storbreen (May 5, 2011), b) melting at an ice surface 
(July 5, 2011) (Photos: HMH). 
Measurements of total surface lowering at the stakes in the ablation period (May-
September) of 2010/11 revealed (table 5.1); as would be expected, a marked 
difference between the lower part of the glacier (c. 4 m w.e. at 1497 m a.s.l. (stake 
S1)) and the higher part (c. 2.3 m w.e. at 1712 m a.s.l. (stake S7)). Melting differed 
little between individual stakes at the lower part, largest difference was between 
stake S1 A (3.72 m w.e.) and S1 (3.97 m w.e.). Surface melt on the upper part at 
stakes S4 and S7 was almost identical. Larger proportion of total melt at higher 
elevations comes from snow and from ice on lower, as there is c. 0.5-1 meter 
difference in snow depth between the highest and lowest elevated stakes (table 
5.3). Snow depth values from stakes S6 and S8 are also listed as values from 
stakes S4 and S7 are not representable for the whole upper part of the glacier. 
There was not a marked difference in total ablation between stakes located in the 
lower ablation zone (at different sides or elevation bands); maximum difference c. 
0.25 m w.e.  
  
a) b
) 
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Albedo measurements 
A scatter plot of incoming versus reflected solar radiation; from continuous point 
measurements at the AWS, shows a cluster of data points into two groups (figure 
5.4). One group represents glacier ice surface; with lower albedo values, the other 
represents snow surface. Times when reflected radiation exceeds incoming 
radiation is when the pyranometer measuring incoming radiation might have been 
covered by snow or rime.  
 
Figure 5.4. A scatter plot of 30 minutes values of incoming versus reflected solar radiation 
measured at the AWS on Storbreen, in 2010/11. 
Snow and ice surfaces do occur in close proximity; and in identical topographic 
aspects, to each other at and around Storbreen. This was noted both on a very 
small and also on a larger spatial scale (Figure 5.5). Observational notes taken 
about the surface conditions at several albedo measurement sites (table 5.3) 
indicate that snow surface has the highest albedo values while a dusty surface has 
the lowest, there is hardly any difference between a ‘dry’ blue ice surface and wet 
ice surface. Refrozen snow melt and weathering crust exhibit very similar values. 
  
Figure 5.5. Contrasts in surface albedo over short distances. (Photos: HMH) 
a) b) 
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Table 5.3. Albedo measured at different surface conditions on the lower part of Storbreen, in 
2010/11. 
 
Table 5.4. Albedo measured around ablation stakes on Storbreen and daily means from the AWS 
(indicated by AWS*), in 2010/11. (Numbers in brackets behind stake numbers indicate the 
elevation (m) of individual stake above sea level). 
 
 
Results from the albedo measurement reveal that there was a substantial albedo 
difference on a very small spatial scale; sometimes 0.2 over 6 meter distance (table 
5.4 and figure 5.6). The first albedo measurements, from June 21, show similar 
values over the whole ablation zone (c. 0.4 - 0.5), except measurement from the 
AWS* where albedo was 0.66 and about 0.15 higher than albedo measured about 6 
meters away from it at the AWS location. Two weeks later (July 6 and 8) albedo 
had declined to c. 0.25 on the lowest most part but was still around 0.5 above the 
AWS elevation; 1570 m a.s.l. Albedo measured on July 6 and 8 shows similar 
pattern; albedo is lower below the AWS elevation than below it and albedo values 
are similar. Albedo declined between June 21 and August 17 at all stakes but had 
then increased again around many stakes on September 12. In August the albedo 
values were typical for ice surface (c. 0.35) over the whole area, while in 
September the albedo record shows very large spatial difference; ranging from 
0.15 to 0.7. The reason for higher values on the lowest most part of the glacier 
Surface Albedo
Snow (wet) 0.53 0.46 0.52 0.61
Snow (dust) 0.54 0.53
Refrozen snow melt 0.32 0.37 0.37
Weathering crust 0.42 0.4 0.29 0.34
Blue ice 0.33 0.22 0.29 0.32
Blue ice (wet) 0.2 0.27 0.27
Ice with clay/silt 0.18 0.24 0.29 0.26
S1 S1A S1B S2 S2A S2B AWS* AWS SAWSA SAWSB S3 S3A S3B
1 (1497) 2 (1470) 3 (1491) 4 (1549) 5 (1556) 6 (1554) 7 (1575) 8 (1575) 9(1565) 10 (1576) 11 (1599) 12 (1604) 13 (1603)
21.6.2011 0.52 0.43 0.49 0.47 0.38 0.66 0.52 0.51 0.46 0.49 0.49
0.57 0.34 0.35 0.38 0.49 0.46 0.53 0.48 0.50 0.48
0.56 0.21 0.45 0.52
6.7.2011 0.30 0.24 0.27 0.37 0.28 0.28 0.35 0.29 0.26 0.53 0.54 0.55 0.52
0.32 0.25 0.27 0.17 0.22 0.33 0.36 0.40 0.47 0.53 0.56 0.46
0.33 0.28 0.37
8.7.2011 0.39 0.25 0.28 0.37 0.31 0.30 0.37 0.26 0.37 0.54 0.53 0.57 0.53
0.37 0.32 0.31 0.24 0.19 0.26 0.28 0.22 0.32 0.49 0.51 0.32
0.31
17.8.2011 0.30 0.22 0.35 0.30 0.27 0.28 0.36 0.35 0.36 0.24 0.30 0.24 0.29
0.36 0.41 0.28 0.28 0.30 0.29 0.38 0.36 0.26 0.26 0.25 0.18
12.9.2011 0.53 0.14 0.68 0.42 0.30 0.39 0.41 0.29 0.33 0.31 0.40 0.23 0.24
0.49 0.14 0.60 0.47 0.27 0.40 0.37 0.36 0.25 0.37 0.28 0.35
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were; according to observational notes, caused by white cracked surface but not 
snow. 
 
Figure 5.6. Albedo measured around ablation stakes at individual dates in 2010/11; either 3 meters 
down glacier (below stakes) or up glacier (above stakes) from each of the stakes and daily means 
from the AWS. (Stake numbers are in table 5.2) 
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Topographic data 
Topographic analysis (figure 5.7 a) of the 2009 digital elevation model (DEM) 
data reveals that stakes on the lower part of the glacier (around S 1-3 and the 
AWS) have an aspect between 8-68° while stakes on the upper part (S 4-6-7-8) 
either 45° or 90°. The maps indicate that the largest rock walls surrounding the 
glacier, have mainly a north and west aspect. The accumulation zone and upper 
part of the ablation zone has an inhomogeneous topography and hence a varying 
aspect, largest part of the higher elevated zone has an east-northeast aspect and 
some areas a more southerly one. The lower ablation zone has a relatively 
homogeneous surface mostly with a northeast aspect; the east side is has a more 
southeast aspect than the rest. The mountain overlying stakes S1-3 B and SAWSB 
is facing north-west, while the hills around stakes S1-3 A and SAWSA have a 
more southerly aspect.  
Hillshade at the stakes is between 151 and 192 (figure 5.7 b), indicating that the 
whole glacier is in a relatively un-shaded area; mountains surrounding the glacier 
do not range very high above the glacier surface and the glacier is relatively wide. 
There does not appear to be any relation between stake location on the glacier 
(east, west or centre) and aspect/shading; stakes S2 and S3B appear to experience 
most shading (table 5.5).  
 
a) 
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Figure 5.7. a) Aspect b) Hillshade c) Slope (°) at Storbreen, (From 2009 DEM) (For clarifications; 
S in front of e.g. S1B was removed).  
 
b) 
c) 
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Table 5.5. Values for aspect, hillshade and slope around the stakes (From 2009 DEM) along with 
total winter accumulation (bacc) and total melt (for stakes were ablation measurements covered the 
whole ablation season). 
 
 
The slope data shows that stakes located at the lowest elevated part of the glacier 
(around S 1-2) have slopes between 6-15° (figure 5.7 c), while stakes located 
higher (around AWS and S 3) have slopes between 4-8°. All stakes on the upper 
part of the glacier (S 4-6-7-8) have slopes around 6°, except stake S4 which has a 
slope of 11°. Analyses of the surface slope angle (table 5.5) revealed that the upper 
ablation zone of Storbreen is relatively flat (c. 5°) while the lower part is steeper 
(c. 10°). This results in more shading by the surrounding topography plus a more 
northerly aspect in the lower ablation zone than on the higher part of the glacier.  
This topographic difference does not seem to have influenced the total ablation at 
different stakes; as indicated by table 5.5. There was only minor difference 
between the stakes at the lower ablation zone (ablation was from - 3.72 up to -3.97 
m w.e.), however there was more snow accumulation; hence snow melt, at higher 
elevated stakes (45 cm difference between S1A and S3A). Topography does not 
appear to largely influence snow accumulation on the different elevation bands; as 
there was similar winter accumulation at stakes located at similar elevations.  
  
Stake Aspect Hillshade Slope bacc Melt
(°) 0-254 (°) (m w.e.) m w.e.
S1 45 177 10 0.88 -3.97
S1A 26 188 12 0.73 -3.72
S1B 68 155 15 0.73
S2 8 196 10 0.93 -3.81
S2A 26 185 6 0.83 -3.93
S2B 31 184 8 0.93
AWS 27 186 6 1.02 -3.95
SAWSA 27 185 6 0.93 -3.79
SAWSB 45 178 8 1.02 -3.79
S3 45 179 4 1.07 -3.79
S3A 63 172 6 1.17 -3.84
S3B 0 192 6 1.02
S4 90 151 11 0.93 -2.29
S6 45 179 6 1.27
S7 90 166 6 0.88 -2.26
S8 90 166 6 1.46
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Water level and discharge in Storbreagroven 
In situ measurements of water level were made to complement the NVE 
measurements; in order to improve the water discharge curve. The results and 
comparison between the two is presented in table 5.6. In most cases there is little 
difference (figure 5.8), except for one measurement; 13.3 cm, on July 6 (doy 188). 
It is interesting to note that before July 3 manual observations were always lower 
than the ones made at the station, after July 3 they were always higher. 
Table 5.6. Manual and automatic (station) measurements for water level (cm) and the calculated 
discharge (Q) from the measurements. ∆ Q and ∆ cm stand for the difference between manual and 
station measurements, respectively.  
 
Date Time Manual (m) Q (m3/s) Station (m) Q (m3/s) ∆ m ∆ Q
20.6.2011 18:10 8.75 11.15 8.77 11.58 -0.02 -0.43
21.6.2011 09:26 8.71 10.14 8.73 10.57 -0.02 -0.43
16:50 8.70 9.89 8.73 10.57 -0.03 -0.68
30.6.2011 19:31 8.85 13.54 8.94 15.86 -0.09 -2.32
1.7.2011 08:30 8.87 14.04 8.88 14.35 -0.01 -0.30
10:20 8.86 13.92 8.88 14.22 -0.01 -0.30
16:20 8.84 13.42 8.87 14.10 -0.03 -0.68
2.7.2011 08:20 8.81 12.53 8.82 12.84 -0.01 -0.30
12:30 8.80 12.28 8.85 13.47 -0.05 -1.18
19:40 8.87 14.17 8.90 14.72 -0.02 -0.55
3.7.2011 08:55 8.86 13.92 8.89 14.60 -0.03 -0.68
11:30 8.90 14.80 8.90 14.85 0.00 -0.05
5.7.2011 10:35 8.92 15.43 8.91 14.98 0.02 0.45
17:30 8.98 16.94 8.97 16.49 0.02 0.45
6.7.2011 07:50 9.00 17.44 8.87 14.10 0.13 3.35
17:30 9.00 17.44 8.95 16.11 0.05 1.33
19:25 9.00 17.32 8.95 16.11 0.05 1.21
7.7.2011 07:00 8.93 15.68 8.90 14.85 0.03 0.83
18:35 8.97 16.56 8.93 15.48 0.04 1.08
8.7.2011 07:20 8.90 14.80 8.86 13.84 0.04 0.96
9.7.2011 07:30 8.95 16.18 8.90 14.72 0.06 1.46
15.8.2011 18:44 8.93 15.68 8.87 13.97 0.07 1.71
16.8.2011 10:10 8.85 13.67 8.80 12.33 0.05 1.33
17:55 8.87 14.04 8.81 12.59 0.06 1.46
17.8.2011 08:46 8.73 10.65 8.68 9.31 0.05 1.33
13:35 8.88 14.30 8.82 12.84 0.06 1.46
18.8.2011 07:10 8.68 9.39 8.63 8.05 0.05 1.33
08:20 8.68 9.26 8.64 8.31 0.04 0.96
12.9.2011 16:25 8.76 11.40 8.76 11.20 0.01 0.20
13.9.2011 15:20 8.80 12.41 8.78 11.83 0.02 0.58
 41 
 
 
Figure 5.8. Manually and automatically (station) measured water level in Storbreagroven, for the 
period June 20-September 13, 2011.  
In figure 5.9 calculated discharge in Storbreagroven; for the period September 10, 
2010 to November 14, 2011 (doy 353-318) is presented. Around doy 130 (May 10) 
there is a rise in the river discharge and a peak around doy 140, most probably a 
snow melt episode. Discharge then decreases but rises again around doy 150 (May 
30), after May 30 there is a continuous but varying discharge in Storbreagroven 
throughout this available discharge series. Maximum is reached around June 28 
(doy 180), the discharge then keeps relatively constant over the ablation season or 
until September 16 (doy 260) when it starts to decrease again, however with large 
fluctuations. At the end of this series there was still runoff in Storbreagroven. 
 
Figure 5.9. Calculated one hour discharge values, for the period September 10, 2010 to November 
14, 2011 (doy 253-318).   
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Figure 5.10. Hydrographs for individual months, from Storbreagroven hydrological station in 2011.  
Hydrographs for the individual months; June to September, show different 
amplitudes and timing of runoff peaks (figure 5.10). The runoff peak is usually in 
the afternoon (15:00-17:00) and minimum runoff in the early mornings (between 
06:00-08:00). Hydrograph for June displays late peak maximum and small 
amplitude; indicating travel time through the snowpack. In July larger amplitude 
and higher discharge levels reflect the increasing energy supply to melt at the 
glacier surface and less retention of glacial runoff. This is even more evident in the 
August hydrograph, when there is much larger amplitude and an earlier peak. In 
September peak flow and discharge levels are largely reduced; apart from lower 
discharge values the September hydrograph displays similar amplitudes as the one 
from June.  
5.2 Mass balance  
Accumulation measurements were performed on May 2-4, 2011. Soundings of 
snow depth were measured in 221 points and gave values between 0.70 and 3.50 
meters, averaging in 2.19 meters. As can be seen in table 5.7 this is the least 
amount of snow measured over the last 5 years; data for the years 2006-2010 are 
from the report Glaciological investigations in Norway (e.g. Kjøllmoen, 2011) and 
the reference period is the mean for 1971-2000; 1.53 m w.e. for winter balance and 
-1.62 m w.e. for summer balance. Four density measurements were performed 
over the season and data from snow pits and stake S3 are summarized in table 5.8. 
Density values from July 8 should be taken with care and were not used in the 
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calculations, as the snow was very wet and snow depth only 23.5 cm it was 
therefore difficult to take samples.  
Table 5.7. Mass balance measurements at Storbreen; for the period 2007-2011. Annual mass 
balance is indicated by ba, and winter and summer balances by bw and bs, respectively (also given 
as % of the mean for 1971-2000).  
 
 
Table 5.8. Snow density at Storbreen, in 2011.  
 
 
Surface albedo changes from measured radiation (AWS data) were used to 
estimate and confirm the transition from snow to ice at the glacier surface, along 
with data from field investigations. This was done to divide the ablation season 
into either snow melt or ice melt periods, hence the transition to lower albedo 
determinates the date after which density for ice was used. When there was snow 
at the surface, measured density from snow pits was used and if not density of ice 
(900 kg/m
3
). Albedo lowers to c. 0.6 around June 26 (doy 177) at the AWS, on 
June 21 manual albedo measurements indicate albedo around 0.5 and on July 6 c. 
0.35. Ablation measurements were only available from June 21 and then next from 
July 3, density of ice was therefore used from June 21 for ablation at and below 
stakes S2 and from July 4 at and below S3 stakes. 
Table 5.7 reveals that the annual balance in 2010/11 was the second lowest after 
2009/10, also that the low mass balance in those two years was caused by the 
combination of record low winter balance and very negative summer balance. 
Winter balance calculations for 2010/11 resulted in a value of 0.87 m w.e., which 
is c. 57% of the mean. This is a similar value as the one calculated for the year 
Year Date bw Mean Date bs Mean ba Snow depth Additional melt
May m w.e. % September m w.e. % m w.e. m cm
2006/07 2 1.35 88 19 -1.74 107 -0.4 ±0.3 3.11 (1.75-3.75) 0
2007/08 6-7 1.99 130 1 -1.88 116 0.1 ±0.3 3.84 (1.52-6.35) 0-20
2008/09 12-14 1.6 104 17-18 -1.83 112 -0.22 ±0.3 3.34 (1.08-6.10) 12-26
2009/10 5-6 0.79 52 28 -2.55 157 -1.8 ±0.3 2.39 (1.00-4.10)
2010/11 2-4 0.87 57 12-13 -2.52 156 -1.54 ±0.3 2.19 (0.70-3.50) 24-40
Stake name Date in 2011 Density  kg/m3 Snow depth (cm)
AWS May 4 487 165
S4 May 4 389 207
S3 July 5 508 32
S3 July 8 376 23.5
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2009/10; which had the lowest measured winter balance since 1949 (Kjøllmoen, 
2011), this year was therefore the second year in a row with a record low winter 
balance. Summer balance calculations gave a value of -2.52 m w.e., which is 
156% of the mean. The mass balance profile for 2010/11 indicates that the mass 
balance gradient was moderate (Figure 5.11) and that the ELA was around 1900 m 
a.s.l.  
  
Figure 5.11. Mass balance profile for Storbreen, 2010/11. Showing mean summer (bs) and winter 
balance (bw) and mean annual balance (ba).  
When the summer mass balance was calculated with measurements from stakes S 
1-3 A instead of S 1-3 it gave a value of -2.6 m w.e. (table 5.9). A visit to 
Storbreen in early February 2012 revealed that there had been between 24-40 cm 
additional melting since September 2011. Summer balance calculations gave a 
value of -2.78 m w.e. when the additional melting was taken into account. 
Measured ablation in 2011 at all the stakes can be found in Appendix 1.  
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Table 5.9. Mass balance measurements carried out in 2010/11 and the calculated annual mass 
balance. Measured winter accumulation and summer ablation; for the whole season using stakes 
S1-3, stakes S 1-3A and including the additional melt measured in February 2012.  
 
5.3 Energy balance 
Energy balance flux in May 1 to September 12, 2011 
The calculated energy budget for the period May 1 to September 12 is given as 
monthly means in table 5.10. Most energy available for melt appears to be in July 
and August, mean albedo is also lowest in those two months (c. 0.4). The energy 
flux is dominated by shortwave radiation (41-106 W/m
2
) followed by the sensible 
heat fluxes (- 9–40 W/m2). Net shortwave radiation peaks in July and so do the 
sensible heat fluxes. Latent heat fluxes (5-19 W/m
2
) were highest in May but 
otherwise relatively constant over this period. Longwave radiation is always a 
negative contributor to the energy balance (negative 5-26 W/m
2
). In those 
individual months net radiation contributes c. 51-69% of the total melt energy and 
turbulent heat fluxes c. 31-49%.  
 
 
 
 
 
 
Altitude Area Winter Balance Summer balance Stakes Additional melting Annual Balance
(Measured May 2-4, 2011) (Measured Sept. 12-13, 2011) S1-3A February 10-12,2012 (Summer surfaces 2010-11)
m a.s.l. Km
2
Specific Volume Specific Volume Specific Specific Specific Volume
m w.e 10
6 
m
3
m w.e 10
6 
m
3
m w.e m w.e m w.e 10
6 
m
3
2050 ~2102 0 1.76 0.00 -0.96 0.00 -0.96 -0.96 0.80 0.00
2000 ~2050 0.09 1.52 0.14 -1.06 -0.10 -1.06 -1.06 0.46 0.04
1950 ~2000 0.18 1.28 0.23 -1.21 -0.22 -1.21 -1.21 0.07 0.01
1900 ~1950 0.29 1.37 0.40 -1.36 -0.39 -1.36 -1.36 0.01 0.00
1850 ~1900 0.34 1.15 0.39 -1.56 -0.53 -1.56 -1.56 -0.41 -0.14
1800 ~1850 0.75 0.87 0.65 -1.91 -1.43 -1.91 -1.91 -1.04 -0.78
1750 ~1800 0.87 0.81 0.70 -2.26 -1.97 -2.26 -2.26 -1.45 -1.26
1700 ~1750 0.68 0.74 0.50 -2.63 -1.79 -3.14 -3.14 -1.89 -1.29
1650 ~1700 0.55 0.84 0.46 -3.03 -1.67 -3.54 -3.90 -2.19 -1.20
1600 ~1650 0.31 0.88 0.27 -3.73 -1.16 -3.84 -4.20 -2.85 -0.88
1550 ~1600 0.49 0.76 0.37 -3.73 -1.83 -3.80 -4.17 -2.97 -1.46
1500 ~1550 0.26 0.66 0.17 -3.80 -0.99 -3.93 -4.17 -3.14 -0.82
1450 ~1500 0.18 0.51 0.09 -3.86 -0.70 -3.72 -4.31 -3.35 -0.60
1400 ~1450 0.13 0.49 0.06 -4.21 -0.55 -4.07 -4.66 -3.72 -0.48
1400 ~2102 5.14 0.87 4.45 -2.52 -13.31 -2.60 -2.78 -1.55 -8.86
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Table 5.10. Monthly means for the components of the surface energy balance; along with the total 
mean energy flux for the period May 1 to September 12, 2011. 
 
The energy balance in 2001/02-2008/09 and 2010/11 
Figure 5.12 shows results from energy balance calculations for the period May 1 to 
September 12 or October 31, 2007-2011 (if data were available for the whole 
period). The energy balance data reveal that the total energy flux is mainly 
controlled by shortwave radiation, its distribution varies between years and the 
length of the period with the highest energy flux differs. In 2010/11 there is an 
apparent peak in July, while the energy flux is more evenly distributed in 2008/09. 
In 2007/08 there is a relatively high energy flux from May to August; the positive 
annual balance calculated for that year therefore not explained by low energy 
available for melt.  
The figure indicates that the main melt season is from June to August; energy 
available for melt can though be substantial in September in some years and even 
in October; as was the case when data were available. In May and October 
shortwave radiation and latent heat fluxes are normally the only components 
contributing to melt, in June sensible heat fluxes begin to contribute and longwave 
radiation is always negative.  
Variables May June July August 1-12 Sept.
Net shortwave (W/m2) 50 66 106 78 41
Net longwave (W/m2) -26 -9 -5 -7 -7
Sensible heat flux (W/m2) -9 29 40 33 27
Latent heat flux (W/m2) 19 7 5 6 6
Total energy flux (W/m2) 34 93 145 109 66
Part of total energy flux
Radiation (%) 69 61 69 65 51
Turbulent heat fluxes (%) 31 39 31 35 49
Albedo (0-1) 0.70 0.68 0.37 0.37 0.45
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Figure 5.12. Monthly means for the components of the energy balance as calculated from the AWS 
data from Storbreen, for the individual years 2006/07-2008/09 and 2010/11. 
The contribution to melt from the components of the energy balance at Storbreen; 
for the observational period June 1–September 10 for the individual years 
2001/02-2008/09 and 2010/11, is presented in Table 5.11. Data for the years 
2001/02-2005/06 are from a study by Andreassen and others (2008). The table 
shows that the total energy flux (Q) available for melt is between 92 and 127 
W/m
2
. Net shortwave radiation is always the dominant contributor (70-97 W/m
2
) 
followed by sensible heat fluxes (15-33 W/m
2
) and the latent heat fluxes (4-15 
W/m
2
). Net longwave radiation is always a negative contributor to the total energy 
budget (negative 2-23 W/m
2
). Net radiation controls the energy budget and 
produces between c. 54-79% of the melt energy, while net turbulent heat fluxes 
produce c. 21-46%.  
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Table 5.11. Mean surface energy flux at Storbreen, for June 1–September 10 in the individual years 
2001/02 to 2010/11 (data from 2009/10 was not available).  
 
5.4 Weather conditions around the automatic 
weather station on Storbreen  
In the following chapters overview of the general weather conditions around the 
automatic weather station (AWS) on Storbreen is presented. First a close look at 
the annual mass balance year 2010/11 is presented and then a comparison between 
the years 2006/07-20008/9 and 2010/11.  
General weather in the annual mass balance year 2010/11 
Table 5.12. Overview of the general weather conditions at Storbreen, for the mass balance year 
2010/11. Tempair and Tempsurf stand for air temperature and surface temperature, respectively and 
RH stands for relative humidity.  
 
Variables (W/m2) 2001/02 2002/03 2003/04 2004/05 2005/06 2006/07 2007/08 2008/09 2010/11
Shortwave in 183 185 185 185 184 174 197 187 143
Shortwave out -86 -90 -100 -119 -90 -104 -108 -99 -70
Albedo (0-1) 0.47 0.49 0.54 0.64 0.49 0.60 0.55 0.53 0.49
Longwave in 313 307 302 305 304 301 299 300 317
Longwave out -315 -315 -314 -314 -315 -319 -322 -320 -324
Flux (W/m2)
Shortwave net 97 95 85 66 94 70 89 88 73
Longwave net -2 -8 -12 -9 -11 -18 -23 -20 -7
Sensible fluxes 21 20 15 20 23 29 30 29 33
Latent fluxes 11 9 4 11 11 15 14 14 6
Total radiation 95 87 73 57 83 52 66 68 66
Total turbulent heat fluxes 32 29 19 31 34 44 44 43 39
Total energy flux (W/m2) 127 116 92 88 117 96 110 111 105
Part of total energy (%)
Radiation 75 75 79 65 71 54 60 61 63
Turbulent heat fluxes 25 25 21 35 29 46 40 39 37
Year Tempair Tempsurf Wind speed RH Air pressure Albedo
°C °C m/s % hPa 0-1
2010/11 -2.8 -5.69 3.66 84 844 0.49
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Figure 5.13. Daily means for incoming and reflected shortwave radiation and albedo (α), (Doy 255: 
September 12).  
Variations in incoming and reflected shortwave radiation are shown in figure 5.13. 
There is almost zero incoming shortwave radiation over the high winter time (doy 
1: January 1), it then slowly increases and reaches maximum around doy 150 (June 
1). There are noticeable fluctuations in solar radiation; especially over the summer 
time and in the fall; probably due to changes in cloud cover which can cause 
fluctuations both on inter-daily and daily scale. Analyses of incoming solar 
radiation revealed that the lowest measured value was 2.15 W/m2 (winter day) and 
the highest 363.9 W/m2 (summer day). The mean annual incoming solar radiation 
is 272 W/m2 and reflected radiation 134 W/m2; giving mean albedo of 0.49 for 
this year. 
Albedo varies throughout the year, but there is a clear distinction between winter 
and summer seasons. Albedo rise in the beginning of the mass balance year 
(around doy 255, 2010), indicating early snowfall events (figure5.13), this occurs 
at the same time as air temperatures are still above the melting point (Figure 5.14) 
resulting in snow melt. Around October 17 (doy 290, 2010) a winter snow cover 
was settled, albedo then lingered around c. 0.9 for the whole winter; indicating a 
near continuous fresh snow and little snow metamorphism. When air temperature 
increases around doy 150, albedo falls to a lower value c. 0.65. Around doy 180 
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(June 29) there is a marked decline in surface albedo value as it lowers to c. 0.3-
0.4 suggesting exposure of ice surface; as previously mentioned then this was the 
time where ice surface reappeared at the AWS.  
 
Figure 5.14. a) Daily means for air and surface temperature (The period between the lines is in the 
figure to the right) b) Hourly means for air temperature and discharge in Storbreagroven.  
Air temperature ranges from -24°C to +12°C; averaging at -2.8°C for this year 
(figure 5.14 a). Surface temperature (calculated from the outgoing longwave 
radiation) ranges from -31.4°C to +4.7°C and the average for the whole year is -
5.8°C. The calculated surface temperature is usually lower than air temperature. 
That is especially true over the ablation season when surface temperature lingers 
around the melting point and is often assumed to be constantly at 0°C; causing 
steep temperature gradients close to the surface. When air temperature begins to 
rise surface temperature follows. Air temperature increase moves down the 
snowpack, causing snow melt and eventually runoff. Around doy 150 (May 30) 
both air and surface temperatures reach the temperature of melting point, 
indicating the onset of the ablation season; this is supported by increasing 
discharge in Storbreagroven (figure 5.14 b).  
a) b) 
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Figure 5.15. Incoming and outgoing longwave radiation (Arrows point to day of year 115 and 186).  
Outgoing longwave radiation (Lwout) follows the incoming longwave radiation 
(Lwin) with smaller amplitude (figure 5.15). Outgoing longwave radiation usually 
appears to have been larger than the incoming radiation; it was only over the 
ablation season that the incoming exceeded the outgoing. Lwout varied little over 
the ablation season, while over the winter the temperature variations were larger. 
Over the ablation season the glacier surface temperature is almost constantly at the 
melting point, Lwout is therefore often regarded as a constant of 316 W/m
2
.  
Times when there were large difference between Lwin and Lwout, probably 
indicates that there was a clear sky and the glacier surface temperature mainly 
controlled by other factors, e.g. incoming shortwave radiation. For example there 
was a large difference between Lwin and Lwout around the doy 115 (April 25) 
(figure 5.15), at the same time there was high Swin and low Swout, (figure 5.13) 
indicating a clear sky day; when large part of the incoming solar radiation was 
used for heating the glacier surface. It is also worth noting that on doy 186 (July 5) 
when this kind of situation was also seen in the data, a clear sky was noted in the 
field. 
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Figure 5.16. a) Daily means for wind speed (m/s) b) Wind rose showing the most common wind 
direction.  
In 2010/11 mean annual wind speed around the AWS was 3.66 m/s and the most 
common wind direction between SSW-SE (~180°); occurred ~ 60% of the time 
and this direction is down glacier (figure 5.16 a/b). Wind speeds were higher in 
autumn and winter than in summer and also varied more at that time. Maximum 
measured wind speed was around 15 m/s and higher wind speed values were not 
measured. Figure 5.17 shows a scatter plot of all half-hourly measured values of 
winds speed versus wind direction. What is evident from the figure is that the 
strongest winds blew from the most common wind direction; south. In summer 
(April-September) wind speeds were lower than 5 m/s for c. 90% of the time; in 
winter (October-March) the wind speed was 5 m/s or higher for about 30% of the 
time (table 5.13).  
 
Figure 5.17. A scatter plot showing 30 minutes values for wind speed (m/s) versus wind direction 
(degrees), data from 2010/11. 
a) b) 
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Table 5.13. Occurrence of half-hourly measured wind speeds at the automatic weather station on 
Storbreen, for winter and summer seasons of 2010/11.  
 
Closer look at the weather conditions for short time periods in 2011 
When looking at weather and climate change on a long time scale, daily averages 
are normally used and by doing so noise and small errors are often smoothed out 
and also the daily cycles. It is, however, also very interesting to look at weather on 
a shorter time scale and even just for a few day period.  
In this chapter two short periods were chosen; August 12-September 12; as sonic 
ranger data were available for this time period and July 5-9; as in situ data were 
available. Some variables are also compared to meteorological data measured at 
weather stations off glacier, for the period July 5-9. 
Weather conditions in August 12-September 12, 2011 
 
Winter 2010-11 Summer 2010-11
Doy 255-120 Doy 121-254
Wind speed (m/s) Occurrence % Occurrence %
0 548 4.9 437 6.7
1 1995 18.0 1539 23.7
2 1945 17.5 1852 28.5
3 1540 13.9 1269 19.5
4 1556 14.0 696 10.7
5 1247 11.3 319 4.9
6 873 7.9 184 2.8
7 605 5.5 89 1.4
8 388 3.5 56 0.9
9 199 1.8 27 0.4
10 107 1.0 14 0.2
11 50 0.5 7 0.1
12 18 0.2 4 0.1
13 11 0.1 2 0.0
14 4 0.0 0 0.0
15 1 0.0 0 0.0
Sum 11087 100 6495 100
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Figure 5.18. Half-hourly values for meteorological variables and surface lowering and hourly 
discharge values, August 12 - September 12, 2011 (doy 224-255).  
Figure 5.18 presents data for the period August 12 to September 12, 2011. What is 
most noticeable is that periods with low incoming shortwave radiation coincide 
with an increase in incoming longwave radiation. Clouds will hinder incoming 
shortwave radiation in reaching the surface and they also emit longwave radiation; 
this therefore suggests a cloudy sky. Two distinct periods are around the doy 239 
(August 27) and 249 (September 6). What is also evident for those periods is that 
there is a rise in temperature and a drop in pressure, a possible indicator for a low 
pressure system bringing warm and humid air to the glacier.  
Continuous measurements of surface lowering from the sonic ranger were not 
available for the whole mass balance year 2010/11. Surface lowering for the time 
period doy 224 until doy 255 (August 12 – September 12) is presented in figure 
5.18. Total surface lowering for this period was 97 cm; surface was ice which 
gives melting of 0.76 m w.e. Greatest surface lowering occurs at doy 239 (August 
27), there is little shortwave and large longwave radiation; both incoming and 
outgoing, pressure is low and temperature is high. At this time the glacier surface 
lowers by 11 cm and the discharge rises from 14 m
3
/s, at 0700 hours to 21.6 m
3
/s, 
at 2100 hours. In the days before there were large incoming shortwave radiation 
and high temperatures.  
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Around doy 253 (September 10) temperature drops below melting point and at the 
same time there is large incoming shortwave radiation and a rise in pressure; this 
period shows very little surface lowering. Largest surface lowering appears to 
occur when periods of high incoming shortwave radiation and high temperatures 
are followed by periods of high incoming longwave radiation and relatively high 
temperatures; e.g. around doy 239 and 246.  
 
Weather conditions in July 5 -9, 2011 
Figure 5.19 shows daily variations of different meteorological variables for the 
period July 5-9/10, 2011. There is a marked daily cycle in incoming solar 
radiation; inter-daily variations caused by cloudiness. Incoming longwave 
radiation is to large extent controlled by cloudiness, and shows inverse fluctuations 
with shortwave incoming radiation; when there was little incoming longwave 
radiation there was larger amount of incoming shortwave radiation, an indicator of 
clear sky.  Discharge and air temperature show similar daily cycles, peak discharge 
and maximum air temperature both normally occur in the late afternoon. It was 
however not always the case, as it appears that on July 9 no discharge peak was 
reached over the day but rather late in the following night. Relative humidity was 
usually higher over nights and early mornings than late afternoon, it shows inverse 
variations to temperature (as previously mentioned relative humidity is not an 
absolute value of humidity since it changes with temperature); the fluctuations in 
relative humidity seen in figure 5.19 are therefore more controlled by temperature 
changes than changes in absolute air humidity. Surface temperature is calculated 
from the outgoing longwave radiation and therefore the two variables show the 
same fluctuations. 
Correlation coefficient (r) calculations for this period gave r: 0.6 for temperature 
and discharge and r: 0.36 for surface temperature and discharge. The wind speed 
had a very small daily cycle, wind speed maximum usually occurred slightly later 
in the afternoon than maximum air temperature. At the start of this five day period 
air pressure was c. 845 hPa, it then slowly dropped and on July 8 it reached 
minimum of c. 835 hPa before it sharply rose again. Wind direction was usually 
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down glacier (c. 200°) but there was no distinct wind direction over the last two 
days. 
 
 
 
 
Figure 5.19. Half-hourly values for meteorological variables and hourly discharge values, July 5-
9/10, 2011. 
Analyses of data from July 5 revealed that there was large incoming solar radiation 
and little incoming longwave radiation. Air temperature followed incoming solar 
radiation, with some time lag. Temperature was relatively high but relative 
humidity was low; around 60%, which is a further indicator of a fair weather day. 
In situ observations from July 5 confirm this analysis: blue sky, warm air and calm 
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wind blowing down-glacier along with weathering crust over the whole ablation 
zone of the glacier. This weather caused small surface lowering on the lowest most 
part of the ablation zone where glacier ice had surfaced (table 5.2), but there was 
surface lowering at and above S2 elevation (up to 7.2 cm); where snow was still 
present. Discharge peaked at 1700 hours (16.6 m
3
/s).  
July 6 was the warmest day measured this summer at Sognefjellhytta, with a 
maximum 17°C (unpublished data from yr.no). It was also the warmest day 
measured over this 5 day period at Storbreen (12.3°C). Observational data for this 
day were: 100% cloud cover of middle high clouds and calm winds blowing down-
glacier, in the evening it started to rain and temperature fell. Peak discharge was 
reached at 2100 hours (16.6 m
3
/s).  
On July 7 there was little incoming shortwave radiation and relatively large and 
constant incoming longwave radiation. Temperature falls by over 2 degrees from 
the day before; at the same time air pressure is falling and wind direction is 
changing. Maximum discharge for this day occurs at 1500 (15.9 m
3
/s), and the 
lowest value measured over this 5 day period is measured in the evening at 4.2 
m
3
/s. Observational data from this day was as follows: weather was misty and 
humid with a cloud cover of c. 60%.  
On July 8 it is interesting to see that when incoming solar radiation drops, 
incoming longwave radiation rises; indicating that cloud came over the AWS 
location. Observational data from this day were: in the morning there was c. 70% 
cloud cover and humid air, in the afternoon there was fair warm weather with 
around 30% cloud cover, later in the afternoon the cloud cover was back to c. 
70%. The surface of the glacier had evolved from weathering crust into a glazed, 
hard ice cover. Pressure dropped each day and reached a minimum on the night of 
July 9 when it went down to 835.5 hPa. Peak discharge in Storbreagroven was at 
1400 hours (15.6 m
3
/s).  
On July 9 relative high wind speed accompanied with low temperature, little 
incoming solar radiation and high incoming longwave radiation, indicate a rainy, 
cloudy and windy weather. That was exactly the weather observed around 
Storbreen that day: it rained heavily over the night and was very humid and cloudy 
over the whole day, even though it did not rain much. The surface of the glacier 
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was very wet after this and the snow seem to melt very fast. There was stable 
discharge in the river and it did not reach any peak so to speak throughout the day 
(c. 14.5 m
3
/s); in the night/early morning (0300 hours) of July 10 it was 15.6 m
3
/s. 
Comparison with off glacier weather station data from July 5-9 
 
Figure 5.20. a) Temperature variations at the three weather stations b) Water vapour pressure, for 
the period July 5-9/10. 
There was a fairly good overall match between temperatures measured at the three 
weather stations for the period July 5-9; however with some temperature 
difference. Highest temperatures were always measured at Sognefjellhytta and 
lowest normally at Juvvasshøe (figure 5.20 a). Correlation calculations for 
temperature gave very similar values between weather stations and the AWS on 
Storbreen; correlation between Juvvasshøe and Storbreen was r: 0.80 and r: 0.82 
between Sognefjellhytta and Storbreen.  
Water vapour pressure measured at the off glacier weather stations (figure 5.20 b), 
shows only a minor difference between the two stations but vapour pressure is 
always higher at Sognefjellhytta. Water vapour pressure lowers from c. 10 hPa 
down to c. 7 hPa over this time period.  
 
Figure 5.21. a) Wind speed b) Wind direction, at the three weather stations, July 5-9. 
a) b) 
a) b) 
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Corresponding wind speed patterns are evident between the three stations (figure 
5.21 a) and the large scale trend is clearly noticeable; low wind speeds at all 
stations on July 5 which then increased and reached a maximum at all stations on 
July 9. Maximum measured wind speed over this five day period was at 
Juvvasshøe and the lowest at Storbreen. There was often large difference between 
the stations, e.g. on July 8 wind speed measured at the AWS on Storbreen was 1.0 
m/s and at Juvvasshøe 8.1 m/s. Wind speed correlation calculations gave r: 0.07 
between Juvvasshøe and Storbreen and between Sognefjellhytta and Storbreen r: 
0.32. Wind directions at the three weather stations appear to have been quite 
different over this period (figure 5.21 b), there does though seem to have been 
more similar directions at the two stations off glacier; Juvvasshøe and 
Sognefjellhytta.  
  
Figure 5.22. a) Pressure b) Relative humidity, July 5-9. 
Atmospheric pressure is measured at Sognefjellhytta and Storbreen, the two 
records are almost identical apart from the pressure always being c. 13 hPa lower 
at Storbreen (figure 5.22 a). The two series gave almost a 100% correlation (r: 
0.99). Relative humidity (RH) data from Juvvasshøe and Storbreen (figure 5.22 b) 
reveals that RH is normally a little higher over Storbreen and never reaches as low 
values as it does at Juvvasshøe. Correlation analysis between the two stations gave 
r: 0.82 for RH.  
Weather conditions in 2006/07 - 2008/09 and 2010/11 
General weather conditions for the mass balance years 2006/07-2008/09 and 
2010/11 are listed in table 5.14. Mean temperature varied within 2°C between 
years, 2010/11 was the coldest year (-2.82°C) and 2006/07 the warmest (-1.24°C). 
Average summer temperature was highest in 2010/11 and was 0.5°C higher than 
a) b) 
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the mean for these years. Both summer and annual mean of the relative humidity 
was c. 80%, with a maximum of 86/84% in 2010/11 and a minimum of 77/78% in 
2007/08. Albedo shows a trend towards lower values, highest average albedo in 
2006/07 (0.60) and lowest in 2010/11 (0.49). Average wind speeds tend to be 
lower for the summer period than the whole year (3.1 m/s vs. 3.8 m/s, 
respectively). Mean air pressure for this four year period was 836 hPa. Average air 
pressure was relatively high in the year 2010/11 (844 hPa), but did not exhibit 
higher pressure for the summer period; compared to the previous years.  
Table 5.14. Means for meteorological variables at Storbreen; means for the mass balance years 
2006/07 – 2008/09 and 2010/11 and for the period May 1 to September 12 in the individual years 
(data for 2009/10 were not available).  
 
 
In figure 5.23 incoming and reflected shortwave radiation variations for the four 
years is presented, the annual cycle is distinct but there are large inter-annual 
fluctuations. Large difference between seasons is apparent; as would be expected 
for measurements at high latitudes. Incoming shortwave radiation reaches 
maximum in spring, but is lower at the end of summer. Maximum daily average 
for incoming solar radiation was 386.7 W and maximum reflected radiation was 
270.5 W.  
Variable 2006/07 2007/08 2008/09 2010/11 Mean
Air temperature °C -1.24 -1.87 -2.27 -2.82 -1.92
Surface temperature °C -4.2 -4.5 -4.9 -5.7 -4.8
Relative humidity % 82 78 82 84 81
Wind speed m/s 4 3.8 3.6 3.7 3.8
Air pressure hPa 832 833 834 844 836
May 1 - September 12
 (doy 122-255)
Albedo 0-1 0.6 0.5 0.53 0.49 0.53
Air temperature °C 3.2 3.6 3.2 4.0 3.5
Relative humidity % 79 77 80 86 80
Wind speed m/s 3.2 2.9 3.2 3.0 3.1
Air pressure hPa 835 838 839 838 838
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Figure 5.23. Incoming (Swin) and reflected (Swout) shortwave radiation, years 2006/07-2008/09 
and 2010/11.  
There were large annual and inter-annual albedo variations over this time period 
(figure 5.24) and there appears to have been a trend towards a lower mean albedo 
(table 5.14). In the beginning of a new mass balance year, albedo rises as the 
glacier gets snow covered. Over the winter season albedo is normally between 
0.80-0.95 and then decreases in spring to values around 0.65. The date when this 
happens is presented in table 5.15. Temperature always rises over the melting 
point before albedo decreases down to 0.65 (3-29 days before). Table 5.15 
indicates that there might be some relation between albedo, air temperature and 
total snow depth (table 5.1). In 2007/08 there was a 29 day lag time from when 
temperature reached 0°C until albedo went below 0.65; mean snow depth was 
highest in that year (c. 3.84 m). In 2010/11 there was a three day lag from the day 
when temperature went over 0°C until albedo went below 0.65; that was the year 
with the lowest mean snow depth (c. 2.19 m).  
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Figure 5.24. Albedo (7 day moving average) measured at Storbreen, years 2006/07-2008/09 and 
2010/11 (also a 28 day moving average; black line). 
The surface around the AWS usually exhibits glacier ice albedo values (0.4) for 
only a short part of the year; length of this period varies however between years. 
This is evident in table 5.15 and figure 5.25; even though data was sparse for this 
kind of analysis as is indicated by the use of > or < signs. The figure reveals that 
the surface becomes snow free (α <0.4) between early July and mid-august (doy 
180-220). In 2006/07 albedo lowers relatively early down to 0.65 (June 16) but 
late to 0.4 (August 6). It appears that in 2006/07 there was a very short snow free 
period (August 6- 26); or only 20 days. In 2007/08 ice reappears at the surface on 
July 28 and albedo is around 0.4 until September 29; resulting in 63 days with 
albedo around 0.4. Snow cover is settled relatively late (c. October 18, 2010) at the 
beginning of the mass balance year 2010/11 and albedo lowers relatively early to 
0.65 compared to previous years (June 5). Glacier ice reappears around the AWS 
on July 1 in the year 2010/11 and at the end of the series (available for the year) 
ice is still present; giving at least 74 days with albedo under 0.4. As figure 25 
clearly illustrates this was the longest period with albedo values c. 0.4; of the three 
years in the figure.  
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Table 5.15. The date when air temperature reaches 0°C, when albedo (α) goes under (<) 0.65 and 
0.4, or over (>) 0.7 and days with albedo between 0.4-0.7. After this date neither temperature nor 
albedo goes over or under those values for more than a few measurements.  
 
 
Figure 5.25. Daily albedo in the years 2006/07, 2007/08 and 2010/11 (Horizontal lines mark the 
period with albedo c. 0.4). 
Surface temperature is usually lower than air temperature (figure 5.26); surface 
temperature on melting glaciers cannot go over the melting point which can cause 
quite some temperature gradients; especially when air temperatures could reach up 
to c. 15°C on Storbreen. When surface temperature reaches melting point runoff 
can start, at Storbreen this usually occurs around May 30 (doy 150) (table 5.15). 
Very low temperatures are evident over a long time period in the winter of 
2010/11 (figure 5.26) indicating a relatively cold winter. Winter of 2006/07 was, 
apart from a cold spell around week 26, warmer than the years that followed. The 
year 2007/08 shows very high air temperatures in summer; after a relatively long 
winter, and the year 2008/09 appears to have had a short ablation season.  
2006/07 2007/08 2008/09 2009/10 2010/11
Temperature > 0°C May 30 May 29 June 10 June 2
α < 0.65 June 16 June 27 June 20 June 5
α < 0.4 August 6 July 28 July 23 <July 15 July 1
α > 0.7 August 26 sep.29 >August 21 October 18 >Sept. 13
Sum α = 0.4-0.7 20 63 >29 >95 >74
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Figure 5.26. Air and surface temperature, in the individual years 2006/07-2008/09 and 2010/11. 
Mean relative humidity (RH) was around 70-80% indicating humid weather 
conditions around Storbreen. In most years there was a distinct difference between 
summer and winter seasons; higher RH over the winter. Figure 5.27 a seems to 
indicate a more constant humidity conditions in the years 2008/09 and 2010/11, 
and less variations between winter and summer season than in the previous two 
years. Average air pressure for this period was 833 hPa, highest in the year 
2010/11 at c. 844 hPa. Higher pressure was usually measured in the summer 
seasons than the winter seasons (figure 5.27 b). The mass balance year 2010/11 
had a relatively constant air pressure over the whole year; as winter air pressure 
was relatively high compared to previous years.  
 
Figure 5.27. a) Relative humidity (%) b) Air pressure (hPa); in the years 2006/07-2008/09 and 
2010/11 (7 day average and four week moving average (black line).  
There were large annual and inter-annual variations in wind speed. The differences 
between winter and summer seasons is very noticeable (figure 5.28 a), winter 
seasons were windier than summer seasons. The year 2010/11 exhibits different 
variations than previous years; as there was relatively windy in the later part of 
a) b) 
 65 
 
winter (week c. 26) and calm in the beginning of the summer season. There was a 
pronounced most common wind direction at Storbreen, namely south and south 
east (S-SE); as is apparent in figure 5.28 b.  
 
Figure 5.28. a) Wind speed variations (7 day average and four week moving average (black line) b) 
Main wind direction; years 2006/07-2008/09 and 2010/11.  
5.4.1 Correlations with discharge 
When albedo lowers from c. 0.9 down to c 0.65; around June 4 (doy 155), 
discharge increases in Storbreagroven (figure 5.29). This indicates a correlation 
between albedo decrease and the initiation of runoff from the glacier. When albedo 
later lowers down to c. 0.4 around doy 175 (June 24) there is another discharge 
peak and also a rise in mean discharge after that time (from c. 10 to 15 m
3
/s). 
 
Figure 5.29. Discharge in Storbreagroven and albedo at Storbreen, May 29 – July 5 (Doy 150-185).  
Matching fluctuations between hourly values for air temperature at the AWS on 
Storbreen and discharge are apparent for this time period (figure 5.30), 
temperature increases and with short delay discharge also increases; when 
a) b) 
 66 
 
temperature decrease discharge follows. Correlation (r) calculation for discharge 
and air temperature gave r: 0.7 for this time period (table 5.16).  
 
Figure 5.30. Hourly values of discharge in Storbreagroven and temperature at Storbreen. Table 
5.16. Correlations between hourly means for discharge and several meteorological variables. May 
29 - July 31, 2011 (doy 150-.213) 
Variations in energy available for melt (calculated melt) at Storbreen and 
discharge in Storbreagroven are presented in figure 31. Melting increases after doy 
150 and around 10 days later, discharge in Storbreagroven increases largely (up to 
18 m
3
/s). Around doy 185 (July 3) the melt rate is high (5-8 cm/day), followed by 
a discharge peak around doy 190. However, not all melt peaks are followed by 
discharge peaks. Correlation between daily mean discharge and calculated melt at 
Storbreen gave r: 0.53, but only r: 0.12 for hourly means (total energy available for 
melt, table 5.16).  
 
Figure 5.31. Daily mean discharge in Storbreagroven and calculated daily melt from the AWS data 
from Storbreen, May 10-September 11 (doy 140-254), 2011.  
Variable Correlation (r)
Temperature 0.70
Sensible heat flux 0.47
Longwave out 0.52
Longwave in 0.38
Longwave net 0.29
Air pressure 0.14
Relative humidity 0.12
Total energy available for melt 0.12
Saturated vapour pressure -0.73
Water vapour pressure -0.56
Calculated melt (cumulative) -0.43
Latent heat flux -0.34
Wind speed -0.26
Shortwave out -0.22
Shortwave in -0.15
Albedo -0.14
Shortwave net -0.06
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Discharge and wind speed variations measured at the AWS show very little 
similarities (figure 5.32 a); this is supported by correlation calculations which gave 
r: -0.27. Water vapour pressure (calculated from AWS data from Storbreen) and 
discharge had a correlation of r: -0.64, implying an inverse connection between the 
two variables (figure 5.32 b). 
 
Figure 5.32. Hourly means for discharge and a) wind speed b) calculated vapour pressure at 
Storbreen, May 29 to July 31, 2011. 
Analyse of the connection between discharge in Storbreagroven and vapour 
pressure measured at weather stations off glacier gave a very good match (figure 
5.33). Correlations between daily averages of vapour pressure at Sognefjellhytta 
and Juvvasshøe and the discharge series from Storbreagroven, gave a correlation 
of r: 0.61 and r: 0.74, respectively. Daily averages for Storbreen gave a negative 
correlation of - 0.64.  
 
Figure 5.33. Daily means for vapour pressure (VP) at Storbreen, Sognefjellhytta and Juvvasshøe 
and discharge in Storbreagroven. 
a) b) 
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6 Discussion 
Ablation stake measurements 
An analysis of ablation measurements performed over the ablation season in 
2010/11 indicates that difference in melting around stakes can be quite substantial 
on a short time scale (daily); the difference was sometimes over 10 cm between 
two days. On a longer time scale this difference evens out and total ablation at the 
stakes showed negligible difference. When the summer balance was calculated 
using measurements from different stakes, it only appeared to influence the 
balance at the scale of 0.1 m w.e.  
This small scale (daily) difference in ablation could be attributed to internal 
snow/ice melt (weathering crust) which can give great errors on a very short time 
scale (daily) (e.g. Muller & Keeler, 1969), errors that even out over longer time 
periods (days). Such large changes in surface lowering often occur after abrupt 
weather changes, e.g. after days with intense incoming shortwave radiation and 
relatively large outgoing longwave radiation; shortwave radiation then produces 
subsurface melting and lowers the ice density but does not produce much surface 
lowering. If this kind of weather conditions is followed by cloudy and humid 
weather, ablation can be overestimated (Hock & Holmgren, 1996).  
This appears to have been the case between July 6 and 8, as fair weather was 
recorded on July 5 and 6 with large incoming solar radiation and warm 
temperatures; highest recorded temperature this summer at Storbreen and at 
Sognefjellhytta was on July 6. On July 7 the weather changed and it got more 
cloudy and windier. The combination of those weather conditions would therefore 
have led to the formation of a weathering crust which then suddenly melted; 
leading to large surface lowering (up to 22 cm over 2 days).  
Other factors like small scale topography and aspect could also contribute to the 
difference. Measurement techniques can cause some difference in measured 
ablation, errors related to the reading of ruler or the angle of stake measurements 
can sometimes be substantial (Hannah et al., 2000). Situations making 
measurements troublesome and causing errors was often caused by e.g. streams 
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running through the stake location or heat absorption by the stake itself; causing 
differential melting of snow/ice closest to the stake. By using the straight edge 
method (Muller & Keeler, 1969) this error was reduced to some extent.  
Albedo 
Spatial and temporal variations in albedo values were very large at Storbreen. It 
was evident that albedo values could be quite different between measurement 
locations; done with c. 6 meter distance from each other. Fresh snow has a very 
high albedo which is in sharp contrast to the much lower albedo for glacial ice or a 
dusty glacier surface. These surfaces due occur in close proximity to each other in 
identical topographic aspects and therefore receive the same amount of radiation; 
still the melt-rate can vary due to different energy absorption and specific heat 
capacity (Armstrong & Brun, 2008). This small scale difference was mainly due to 
differences in dust content on the glacier ice surface, along with surface roughness 
and properties; e.g. small patches of almost white weathering crust was often 
observed in the field and it had a higher albedo than blue ice or dust covered ice.  
Albedo measurements gave good indications of conditions at the glacier surface, 
and could very well be used for e.g. finding the approximate timing of season 
changes and the exposure of glacier ice. In August, point measurements made at 
the AWS and albedo measurements done with instrument #1 did both show albedo 
values typical for glacier ice surface over the whole lower part of the glacier; 
which was indeed the case.  
Albedo point measurements; just as ablation point measurements, are not 
necessarily representable on a large spatial scale; but the difference evens out over 
longer time scales. Point measurements made at the AWS appeared to be quite 
representable for its surroundings, giving similar albedo values as measurements 
done with instrument #1 at the surrounding stakes. It was only the measurement 
done on June 21 that differed largely from other measurements.  
Net radiation is the most important parameter in the energy balance budget at 
continental glaciers (e.g. Messel, 1985; Sicart et al., 2008) and also at Storbreen 
(Andreassen et al., 2008). Since net radiation is important at Storbreen it can be 
assumed that if the surface is exposed to radiation at low albedos it will lead to 
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higher net radiation; hence more melt. The large spatial and temporal difference in 
albedo will lead to variability in net radiation distribution over the glacier surface. 
Data analysis indicated a small negative albedo trend in the period 2006-2011 
(table 6.1), lowest mean albedo measured in 2010/11. This could be due to a 
longer ablation season with lower values of albedo and/or fewer periods with fresh 
snow; which has an albedo value of almost 100% until the albedo lowers because 
of snow metamorphism. The period with albedo values around 0.4 appears to be 
getting longer; both did glacier ice seem to be getting exposed more early and 
snow cover (albedo over 0.7) being established later in the season (table 6.1). This 
was evident even though data was sparse for this kind of analysis. A combination 
of those factors could partly explain the negative mass balance trend between the 
years 2006-2011, resulting in very negative values for 2009/10 and 2010/11; 
despite colder mean annual temperatures.  
Table 6.1. Snow depth, annual mass balance, mean albedo and amount of days with albedo (α) 
between 0.4-0.7, for the individual years 2006/07-2008/09 and 2010/11. 
 
Annual mass balance 
The main ablation period in 2010/11 likely started around doy 150 (May 30), there 
were many factors that supported this timing; shortwave radiation reached its 
maximum, albedo fell below c. 0.65, air and surface temperatures reached the 
temperature of melting point and discharge in Storbreagroven increased largely. 
This could also have been the case for the ablation seasons in 2006-2010, as 
temperatures reach 0°C around doy 150-160 in those years; but there were more 
variations in the timing of when albedo values went below 0.65 (doy 156-179). Ice 
melt period (albedo c. 0.4) starts around doy 200 ±20 days (July 18), the length of 
this period varied largely between years; over 70 days longer in 2009/10 than 
2006/07.  
The annual mass balance measurements for the period 2006-2011 indicate that the 
glacier is experiencing more melt in summer and over a longer time period; it is 
2006/07 2007/08 2008/09 2009/10 2010/11
Snow depth (m) 3.11 3.84 3.34 2.39 2.19
Annual mass balance (m w.e.) -0.4 0.1 -0.22 -1.8 -1.54
Mean albedo (June 1- September 10) 0.6 0.55 0.53 0.49
Days with α: 0.4-0.7 20 63 > 29 > 74
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also receiving less snow in winter compared to former periods. The last two years 
(2009/10 and 2010/11) had the lowest calculated mass balance values (along with 
2005/06) since 1949. Even though 2009/10 had a lower mass balance, 2010/11 had 
smaller amount of snow, demonstrating how important (measured) snow 
distribution is for the mass balance calculations (table 6.1). Despite a large positive 
energy flux in 2007/08 the annual mass balance was positive (slightly), caused by 
high winter balance. Large amount of snow will lead to a shorter snow free period 
on the glacier surface; hence higher albedos, resulting in a higher mass balance. 
Comparison between albedo and mean snow depth indicated that low mean snow 
depths will lead to lower albedos (table 6.1), which again results in higher melting 
and a lower mass balance. If the retreat of the snowline occurs earlier it will 
expose glacier ice to more radiation and accelerate the melting. This could be a 
possible explanation for the high melt rate in 2010/11, as the amount of snow was 
small and albedo was lower than in the previous years. Resulting in high melting, 
despite low mean air temperatures (compared to previous years), it still 
experienced more melting. This indicates that albedo has a strong influence on the 
total energy available for melt at the surface of Storbreen.  
Equilibrium line altitude (ELA) was calculated at c. 1900 m a.s.l. in 2010/11 
which is about 150 meters higher than ELA for the glacier in balance; c. 1750 m 
a.s.l. (Andreassen et al., 2008). Less snow in winter and more melting over the 
summer will lead to a higher equilibrium line and a smaller accumulation area 
ratio on the glacier, consequently leading to a more negative mass balance causing 
the glacier to retreat even further. It has been suggested by others, (e.g. Ohmura, 
2006) that the global glacier mass balance is both negative and that its trend is 
increasing, Storbreen appears to reflect this global trend.   
Additional melting; occurring after summer balance measurements were 
performed, was often substantial. In warm periods late in autumn some melting 
may occur, and is then considered part of next year´s winter balance (Andreassen 
et al., 2005). In September and October 2011 melting was substantial, as was 
indicated by the discharge series from Storbreagroven and later confirmed by 
additional surface lowering of 40 cm measured in February 2012. When this 
melting was taken into account for summer balance calculations, it resulted in a 
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0.25 m w.e. more negative annual mass balance; a number that is comparable to 
the whole annual mass balance in the year 2008/09. The ablation season is 
apparently extending further into next year’s accumulation season. Chances are 
that a new timing should be adopted for ablation measurements at Storbreen, 
timing similar to the one in the Alps; which is normally in October (Oerlemans, 
2010).  
Some errors are associated with mass balance measurements on glaciers and 
introduce uncertainty into mass balance calculations. Since snow and ice densities 
are not continuously measured at Storbreen, errors due to converting height 
changes to mass changes using average density for ice and snow introduces some 
uncertainty to the annual mass balance; as it is a constantly changing parameter. 
Errors in measuring the mass balance at Storbreen can be related to an uneven 
snow distribution with altitude, different melting around ablation stakes and also 
due to the fact that in the more crevassed areas no reliable measurements can be 
made (Andreassen, 1999).  
Energy balance 
A very good agreement between observed melt and calculated melt was obtained 
in calculations of the turbulent heat fluxes using the bulk method. The surface of 
an ablating glacier normally has varying roughness lengths and its surface can 
change quite rapidly (Smeets et al., 1999). Measurements from other energy 
balance studies indicate varying values from e.g. 2.8 * 10
-6
 (for blue Antarctic ice, 
(Bintanja et al., 1995) up to 1 * 10
-1
 (for ablation zone on temperate glacier 
(Smeets et al., 1999). The obtained turbulent coefficient (Cturb) in this study of 2.8 
*10
-3
 m (0.0028) is within this range and almost identical to roughness lengths 
obtained by Munro (1990); 2.44*10
-3
 m and in the same range as Cturb obtained by 
Oerlemans and Klok (2002); 0.00153. Cturb was only calculated for an ice surface, 
and with the data available in this study it was not possible to determine it for 
snow; e.g. continuous observations of density and snow metamorphism were not 
available. Cturb for ice was therefore used for the whole ablation season which 
could lead to an overestimation of turbulent heat fluxes when there was snow on 
the surface; since snow surface is usually smoother than ice surface. Turbulent 
fluxes were a significant factor in the total contribution to the energy balance flux 
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at Storbreen. The turbulent coefficient was, however, determined by tuning the 
energy balance calculations which brings some uncertainty to the final results. 
Andreassen and others (2008) investigated the energy balance at Storbreen for the 
years 2002 to 2006, when their study was compared to this one it revealed higher 
contribution from shortwave radiation and less negative longwave radiation in the 
2002-2006 period, both of the turbulent fluxes were also normally lower in their 
study. Explanation for this could be found in the different approach of calculating 
the turbulent heat fluxes as they calculated the surface roughness lengths and used 
a two-step value; 0.0013 m for snow and 0.0075 m for ice. This study, however, 
used an estimated and much lower one-step value over ice (0.0028 m), as a 
turbulent exchange coefficient (Cturb). Assuming a temporal consistency introduces 
some errors, since the surface of glaciers usually varies on a day-to-day basis 
(Greuell & Genthon, 2003). When calculations were redone with a lower value for 
Cturb it gave values that were more similar to the ones obtained in their study; using 
0.001 for Cturb same values were obtained (table 6.2). This indicates that Cturb is a 
sensitive parameter in calculations of the energy balance at Storbreen, and 
emphasises the importance of obtaining an accurate estimate of Cturb for melt 
modelling; especially on glacier were turbulent heat fluxes contribute substantially 
to melt.  
Table 6.2. Means for the components of the energy balance at Storbreen; for the period June 1-
September 10 in the individual years, using different turbulent exchange coefficients (Cturb).  
 
 
2001-2006 2007-2011
Surface roughness lengths Cturb
Variable (W/m2) 0.0013/0.0075 0.0028 0.0015 0.001
Shortwave net 87 76 76 76
Longwave net -8 -17 -17 -17
Sensible fluxes 20 31 23 15
Latent fluxes 9 9 7 5
Total radiation 79 59 59 59
Total turbulent heat fluxes 28 40 30 20
Total energy flux 107 99 89 79
Part of total energy (%)
Radiation 73 60 66 75
Turbulent heat fluxes 27 40 34 25
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Final calculations of the surface energy budget at Storbreen revealed that net 
radiation is the largest contributor to melt around the AWS on Storbreen, 
producing c. 60% of the total melt in 2006-2011. The ground heat flux was left out 
of calculations as it has been shown that it only contributes slightly (c. 1 W/m
2
) to 
the energy balance at Storbreen (Andreassen, 2008). Fluctuations in total 
contribution from radiation and turbulent fluxes to the energy balance were 
evident. Net radiation varied from 54-63 % and subsequently turbulent heat fluxes 
from 37-46%. Storbreen derived a relatively low portion of melt energy from net 
radiation and high from turbulent fluxes for this period, compared to other 
continental glaciers. The glacier is still more comparable to glaciers located in 
continental environments than to glaciers in maritime environments; where net 
radiation contributes c. 50% to melt (e.g. Oerlemans J. , 2000; Willis et al., 2002). 
There was a fair agreement between measured and modelled melt for the period 
May 2- September 11, 2011; the range was from 3.72 to 4.4 m w.e. (table 6.3), 
indicating that the model includes the most important fluxes contributing to glacial 
melt. The modelled melt is calculated from continuous measurements at a single 
location at the AWS and does therefore e.g. capture melting of summer snowfall 
that occurs between two ablation stake measurements. This does, however, not 
necessarily explain a difference of up to 0.68 m. 
Table 6.3. Measured and modelled melt in the lower ablation zone on Storbreen, for the period May 
2-September 11, 2011.  
 
 
When calculations from 2010/11 are compared to values obtained by Liestøl 
(Liestøl, 1967)) during the summer of 1955; for the same time period (July 6 to 
September 8) there are some minor discrepancies. These two data sets should be 
compared with care since instruments and methods used are not the same. For this 
time period in 2010/11 net radiation contributes c. 60% to melt and heat fluxes c. 
40%, while in 1955 the contribution was 54% and 46%, respectively. Results 
presented in this thesis do therefore confirm Liestøl results from 1955; indicating 
similar weather conditions around Storbreen in those years.  
May 2 - September 11, 2011 S1 S1A S2 S2A AWS SAWSA S3 S3A Modelled
Total ablation (m w.e.) 3.97 3.72 3.81 3.93 3.95 3.79 3.79 3.84 4.4
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Weather analyses 
Analyses of incoming shortwave radiation indicated lower radiation values for 
2010/11 (143 W/m
2
), compared to previous years (c. 180 W/m
2
). More 
pronounced fluctuations in incoming shortwave radiation in late summer and fall 
than in early summer were also evident over the year 2010/11. These increased 
fluctuations later in the season might have been due to increased changes in cloud 
cover in that time period; due to more vapour in the air causing more scattering 
and therefore less amount of shortwave radiation reaching the glacier surface. 
Also, in spring there is usually a larger contribution from reflected radiation from 
adjacent snow covered slopes than in the fall (Hock, 2005) which would cause 
fluctuations both on an inter-daily and a daily time scale.  
Mean daily values for relative humidity (RH) varied largely on a daily, annually 
and inter-annually time scales. Relative humidity gives a value for moisture in the 
air compared to what the air can contain at its temperature and decreases with 
increasing temperature; it is therefore not an absolute value but an good indicator 
of the likelihood of precipitation. Other values for air humidity are available e.g. 
water vapour pressure. Water vapour pressure may be described as the total 
pressure contributed from water vapour in the air to the atmospheric pressure; it is 
highly dependent on temperature and is normally in the range of 10 hPa close to 
the surface (O´Hare et al., 2005). Average RH exhibits an annual cycle, were RH 
is higher in winter than in summer. Highest mean RH at Storbreen was in 2010/11 
(c. 84%) and it was 6% higher than in 2007/08, which had the lowest average RH. 
The year 2010/11 also had a more stable RH values and showed less difference 
between winter and summer. This might partly explain less incoming shortwave 
radiation that was previously mentioned; as humid air reflects more radiation than 
dry air. 
The most common wind direction on Storbreen is the southerly direction which is 
down glacier; indicating that katabatic winds develop frequently at Storbreen. 
Katabatic flow normally controls the main wind direction over melting glacier 
surfaces and is more common than the large scale wind direction (Oerlemans & 
Grisogono, 2002). This is due to forcing of the glacier-atmospheric boundary 
layer; surface temperature is quite constant over melting glaciers causing katabatic 
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flow that is rarely disturbed by large scale wind flow (Oerlemans , 2001). At the 
same time as large-scale wind directions were measured at the other weather 
stations wind direction was often down-glacier over Storbreen. The topography 
around Storbreen likely also hinders the main large-scale wind directions from 
west and east; since wind directions from those directions rarely occurred at 
Storbreen. Most common values for wind speed at Storbreen in 2010/11 were 
under 5 m/s; occurring c. 90% of the time, which confirms earlier studies which 
indicated that weak katabatic winds were dominant at Storbreen (Giesen, et al., 
2009). There was often large difference between wind speeds measured on or off 
the glacier; at one point the wind speed was 7 m/s lower at Storbreen. The reason 
behind this is most probably due to the reason that Storbreen is sheltered by the 
main large-scale circulation wind directions, and due to the fact that it has its own 
katabatic wind system.  
Weather conditions in 2010/11 were quite different from the conditions in previous 
years, most variables appeared to have been quite constant (and the weather less 
varied) between the seasons. When 2010/11 was compared to previous years it 
revealed lower mean wind speeds at the beginning of the winter season and 
windier conditions in the later part. Incoming shortwave radiation reaching the 
AWS was at its lowest in 2010/11, reflected shortwave radiation was very low; 
consequently the albedo in 2010/11 was low (0.05-0.1 lower than the four year 
mean). Longwave radiation, both incoming and outgoing, remained very constant 
between years. Figure 6.1 illustrates the difference between several meteorological 
variables, for the whole year and the summer season. Average annual temperature 
(-2.82°C) in 2010/11 was almost 1°C lower than the average for the 4 years used 
in the comparison (-1.92°C). On the other hand was the average summer (doy 122-
255) temperature higher in 2010/11 (4°C vs. 3.5°C), indicating that the winter of 
2010/11 was extremely cold. Relative humidity was relatively constant over the 
whole year 2010/11 and resulted in the highest mean RH for that year and also for 
the summer season. Average air pressure was higher in 2010/11 than in the other 
three years and was relatively constant over the year; with little difference between 
seasons since winter pressure was relatively high compared to the previous years. 
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Figure 6.1. Comparison for annual and summer means of relative humidity (RH; Note that values 
have been multiplied by 10 to fit the scale), air pressure and temperature.  
Those weather conditions are characteristic for negative North Atlantic Oscillation 
(NAO) phase; in which high pressure system around Iceland forces cold winds 
from the Arctic south and hence towards the southern part of Norway. NAO index 
(a measure of the mean atmospheric pressure gradient between the Azores High 
and the Icelandic low) has varied considerable over the past decades. Since around 
1980 the NAO has been in a strong positive phase and before (from around 1940) 
in a negative phase and corresponded to a period in which winter temperatures in 
Europe exhibit colder than normal values. According to Osborn (Osborn, 2011) the 
winter of 2009/10 was the coldest in England since 1978/79 and the NAO index 
was at record negative value in the Northern Hemisphere, on the other hand 
temperatures in Europe were higher during this winter than expected on the basis 
of this very negative NAO index. Since there were no AWS data from 2009/10 one 
can only speculate about the weather conditions for that year at Storbreen. Winter 
balance was much higher and summer balance lower for the years 2006/07 to 
2008/09 than for the years 2009/10 and 2010/11, snow depth was also lower in 
2009/10 and 2010/11. This could indicate that the changes from a positive NAO 
phase to a negative would have occurred in 2009/10, and that 2009/10 had similar 
weather conditions as 2010/11 around Storbreen. According to Jónsson at the 
Icelandic Met Office (2012) air pressure over Iceland rose between 2009 and 2010 
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and fell between 2010 and 2011; both at values more than normal. Average air 
pressure was record high in 2010 and record low in 2011; possibly indicating a 
return to a positive NAO phase.  
Discharge analyses 
The calculated discharge resulted in a continuous discharge curve for 2010/11; 
values should though not be regarded as absolute. The curve coincided nicely with 
other data, e.g. of the temperature rising over melting point and albedo value 
lowering. In the beginning of the discharge record (c. September 16, 2010) there 
was a substantial discharge in the river, which would explain the extra c. 12-26 cm 
surface lowering measured in May 2001. Furthermore, at the end of the record 
(after September 11, 2011) there was also substantial discharge in Storbreagroven, 
which resulted in c. 24-40 cm extra surface lowering measured in February 2012.  
Variations in observed runoff from Storbreen and melting at the AWS location 
corresponded quite well (r: 0.53) and the energy balance model performed well; 
with respect to typical diurnal glacial melt fluctuations. Errors contributing to the 
differences between calculated melt and the river discharge could be attributed to 
the fact that the discharge curve was only temporary, to uncertainties in connection 
with the energy balance calculations mentioned earlier along with the fact that the 
melt is calculated from point measurements at the AWS location and does not take 
into account the spatial difference in melting on a diurnal time scale.  
There were very small correlations between albedo and river discharge, but when 
albedo values went below 0.65 in the beginning of the ablation season there was 
also a rise in discharge and again when albedo decreased down to 0.4. Since net 
radiation is the most important contributor to the energy budget at Storbreen, 
albedo decrease would cause increase melting. This confirms findings from other 
studies which indicate that snowline retreat; hence albedo decrease does increase 
the importance of radiation (Munro, 1991). On the other hand a rise in albedo 
caused e.g. by snowfall, will lower the energy available for melt and hence reduce 
the ablation rate. Albedo measurements are therefore an important variable in 
forecasting changes in glacial river discharge. The time of maximum melt occurs 
during times of lowest albedo (figure 6.2), and low albedo outweighed the effects 
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of reduced shortwave radiation and cooling temperatures in the later part of the 
ablation season. Runoff is clearly controlled by the interplay between global 
radiation and the surface albedo.  
 
Figure 6.2. Albedo and discharge variations for the period June 1-September 12, 2011.  
Discharge in Storbreagroven and temperature measured at the AWS correlated 
well together (r: 0.7). Temperature variations gave a relatively good match 
between the AWS on Storbreen and the weather stations off glacier (r: 0.8), it 
should therefore be possible to use temperatures measured off the glaciers to 
assess the discharge in the glacier river. While temperature had a strong control 
over melt rate, daily means for vapour pressure measured at weather stations off 
glacier turned out to be a significant variable and gave the best correlation of all 
variables to river discharge; with Juvvasshøe (r: 0.74) for a specific time period in 
the ablation season. This correlation confirms earlier findings by others (e.g. 
Jensen & Lang, 1973). Calculated vapour pressure over Storbreen gave negative 
correlation of -0.64 for daily means and -0.56 for hourly means. This suggests that 
vapour pressure measured at weather stations off the glacier is a better indicator of 
discharge variations than calculated vapour pressure over a melting glacier surface.   
Discharge in glacial rivers usually peaks in the late afternoon. But on some days it 
peaked at different times in Storbreagroven. This was for example the case on the 
July 9 when there was more discharge the following night than it was over the day 
time; discharge reached a maximum of c. 15.6 m
3
/s in the night/early morning of 
July 10. There was low temperature over the day and little incoming solar 
radiation on the 9
th
, following a day with large incoming shortwave radiation and 
higher temperature. It rained quite heavily on July 9, wind speed got stronger and 
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its direction changed, pressure dropped sharply before it rose again as sharply; this 
weather might explain the different timing of the discharge peak. This peak was 
therefore likely caused by weather conditions and the melting of weathering crust; 
which possibly formed over the days before when incoming shortwave radiation 
was larger.  
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7 Conclusions 
In this study glacio-meteorological data from Storbreen glacier was analysed, in an 
attempt to better understand how meteorological variables affect the glacier and its 
surface. From the analysis described in this thesis I conclude that:  
- Ablation stakes at different locations in the ablation zone of Storbreen did indeed 
show different variations on a short time scale; those variations then evened out 
over the ablation season. I conclude that stakes S1-3 are representable for the 
melting at Storbreen and there should not be any need to add more ablation stakes 
to the monitoring system; already at the lower part of the glacier. 
- Albedo measurements at different location in the lower ablation zone on Storbreen 
did exhibit different values, and albedo varied both on a temporal and spatial 
scale. Albedo measured by the AWS gave very similar values as measurements 
made around ablation stakes closest to it. I conclude that albedo measured by the 
AWS should not be regarded as an absolute value for the whole ablation zone on 
Storbreen, but they do though appear to give a good indication of the surface 
conditions at the glacier.   
- The annual mass balance appears to be getting more negative; the last two years 
(2009/10 and 2010/11) had (along with 2005/06) the lowest measured mass 
balance since measurements were established in 1949. Even though average 
temperatures were lower in 2010/11 than in previous years, that year still exhibit a 
record high melting. This high melting might be explained by the very low mean 
snow depth values; resulting in glacier ice surfacing more early which in turn 
would have led to more melting. Additional melt values after ablation 
measurements are performed appeared to be getting larger (in 2010/11 there was 
additional 40 cm melting) and the length of the period when albedo is low (c 0.4) 
also appears to be getting longer. This indicates that the ablation season is 
lengthening and that more melting occurs later in the season than in previous 
years. To get more accurate ablation values from Storbreen; using the stratigraphic 
method, I therefore conclude that annual ablation measurements should be kept 
close to the end of September or be performed in early October. 
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- The surface energy balance model appeared to include all the most important 
components contributing to melt at Storbreen. The mean surface energy balance 
values for the observational period 2006–2011 were quite comparable to previous 
studies on Storbreen and other continental glaciers in Norway. Net shortwave 
radiation turned out to be the most important parameter in the energy balance 
budget at the glacier, contributing c. 54-79% of the melt energy and turbulent heat 
fluxes 21-46%, in 2002-2011. Total energy contribution from turbulent fluxes in 
the period 2006-2011 was found to be remarkable high (37-46 %) resembling 
numbers found in maritime climates. This could be due to the choice of the Cturb 
and the use of a one-step value for Cturb, emphasizing the importance of accurate 
estimates of roughness parameters. 
- Comparison of meteorological variables measured at the AWS on Storbreen with 
records from nearby weather stations indicated that variations in air pressure and 
temperature were mainly controlled by the large scale synoptic weather system. 
Correlation between those variables was quite good, however with some value 
difference. Wind speed and direction, on the other hand, appeared to be a very 
local phenomenon. Hence for accurate calculations of the surface energy balance 
over the glacier, measurements from off glacier stations should not be used.  
- Weather fluctuated largely on daily, annually and inter-annually time scales and 
there were many possible combinations of weather parameters, analysis of melting 
on a short time scale will therefore continue to exhibit some difficulties.  
- Discharge in Storbreagroven does indeed relate to meteorological factors on a 
daily timescale. Albedo turned out to be the variable that controlled the initial 
timing off runoff; a large increase in river discharge. Variations in temperature 
and discharge were very similar, with a small time lag and correlations were 
highest between those two variables. It can therefore be concluded that runoff 
variations are mostly dependent on air temperature. Vapour pressure measured at 
weather stations off glacier turned out to be a significant variable. Hydrological 
measurements in Storbreagroven are apparently a valuable tool in the monitoring 
system of the glacier and give good information about the conditions at the glacier 
surface. Calculated melt using the energy balance model and measured discharge 
 83 
 
corresponded quite well (r: 0.53) and the model appeared to perform well; with 
respect to typical diurnal glacial melt fluctuations. 
 
Outlook 
This thesis has hopefully given the reader a better understanding of the 
complicated coupling between meteorological variables and the physical processes 
governing the surface mass balance and ultimately the glacial runoff. There are 
several important factors that affect glacial runoff and many interesting questions 
still unanswered about the relationship between glacial runoff and meteorological 
conditions. The more I learn, the more I learn how little I know (~ Socrates) as a 
wise man once said. At the end of this work this quote could not be closer to the 
truth. Interesting further work could be performed on this data and could for 
example include:  
 
- Further analysis of the lengthening of the ablation season by using albedo values, 
as they gave interesting results even though data was sparse for this kind of 
analysis. The fact that the ablation season might be dramatically lengthening will 
affect the mass balance of Storbreen greatly.  
- Building a statistical relationship between river discharge and temperatures and/or 
water vapour pressure measured off glacier; as correlations indicate there being a 
strong relation between those variables. It would also be interesting to study the 
more solid discharge curve; once that is constructed and to investigate if an even 
better match between calculated melt at the AWS location and the discharge series 
can be obtained. More analysis of the discharge series would be interesting, e.g. 
finding the delay time from meltwater drainage from the ablation zone to the 
hydrological station at different timings in the ablation season. That would be of 
optimal importance for the forecasting of river discharge from glacierized basins.  
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Appendix 
 
1. Measured ablation at all stakes, during the ablation season 2010/11.  
 
 
Date Days between S1 Surf.low S1A Surf.low S1B Surf.low
measurements total Av.daily total Av.daily total Av.daily
20.4.2011 2.30
3.5.2011 13 2.56 0.260 0.020 -0.37
21.6.2011 49 3.63 1.070 0.022 0.74 1.110 0.023 -0.41
2.7.2011 11 4.27 0.640 0.058 1.26 0.515 0.047 0.06 0.465 0.042
3.7.2011 1 4.27 0.000 0.000 1.33 0.075 0.075 0.17 0.115 0.115
5.7.2011 2 4.46 0.185 0.093 1.44 0.105 0.053 0.29 0.120 0.060
6.7.2011 1 4.46 0.000 0.000 1.44 0.000 0.000 0.35 0.060 0.060
8.7.2011 2 4.63 0.170 0.085 1.58 0.140 0.070 0.50 0.145 0.073
9.7.2011 1 4.65 0.025 0.025 1.65 0.075 0.075 0.55 0.055 0.055
3.8.2011 25 5.90 1.250 0.050 2.93 1.280 0.051
12.8.2011 9
15.8.2011 3 6.37 0.470 0.039
16.8.2011 1 6.40 0.025 0.025 3.53 0.600 0.046 2.41 1.860 0.049
17.8.2011 1 6.40 0.000 0.000 3.53 0.000 0.000 2.41 0.000 0.000
12.9.2011 26 7.26 0.860 0.033 4.27 0.740 0.028 3.44 1.030 0.040
13.9.2011 1 7.32 0.065 0.065
11.2.2012 151 7.70
Average 0.037 0.043 0.055
Total 5.42 4.64 3.85
Total for = 5/7 - 12/9 2.80 2.84 3.15
All numbers are given in meters. 
S2 Surf.low S2A Surf.low S2B Surf.low AWS Surf.low
total Av.daily total Av.daily total Av.daily total Av.daily
1.57 2.32
1.80 0.230 0.018 -0.33 2.52 0.200 0.015
2.83 1.030 0.021 0.68 1.010 0.021 3.47 0.950 0.019
3.52 0.690 0.058
3.64 0.120 0.060 1.62 0.942 0.067 0.65 4.32 0.850 0.061
3.70 0.055 0.055 1.69 0.063 0.063 0.67 0.020 0.020 4.40 0.080 0.080
3.80 0.100 0.050 1.76 0.070 0.035 0.77 0.095 0.048 4.52 0.115 0.057
3.85 0.055 0.055 1.89 0.135 0.135 0.87 0.100 0.100 4.56 0.040 0.040
4.98 1.130 0.045 3.02 1.130 0.045 2.06 1.195 0.048 5.78 1.225 0.049
6.18 0.400 0.044
5.56 0.580 0.045 3.58 0.560 0.043 2.57 0.505 0.039 6.33 0.150 0.038
5.57 0.010 0.010 3.59 0.005 0.005 2.57 0.000 0.000 6.39 0.055 0.055
6.38 0.810 0.031
4.50 0.910 0.034 3.30 0.730 0.027 7.24 0.855 0.032
6.78 7.48
0.041 0.050 0.040 0.045
5.21 4.83 2.65 5.12
2.74 2.87 2.65 2.92
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Sonic Surf.low SAWSA Surf.low SAWSB Surf.low
total Av.daily total Av.daily total Av.daily
-0.40 -0.35
1.87 0.66 1.060 0.022 0.64 0.990 0.020
2.61 0.740 0.053 1.51 0.845 0.060 1.54 0.895 0.064
1.59 0.080 0.080 1.62 0.080 0.080
1.65 0.060 0.030 1.86 0.245 0.123
2.92 0.310 0.078 1.72 0.075 0.075 1.94 0.075 0.075
2.90 1.180 0.047 3.15 1.215 0.049
1.21
1.39 0.180 0.045 3.45 0.545 0.042 3.53 0.380 0.029
1.41 0.020 0.020 3.46 0.010 0.010 3.54 0.010 0.010
2.26 0.850 0.031 4.30 0.840 0.031 4.31 0.770 0.029
2.59
0.045 0.044 0.053
1.38 4.70 4.66
1.05 2.79 2.78
S3 Surf.low S3A Surf.low S3B Surf.low
total Av.daily total Av.daily total Av.daily
2.19
2.33 0.140 0.011 -0.35
3.15 0.820 0.017 0.70 1.050 0.021
4.09 0.940 0.067 1.47 0.774 0.055
4.18 0.085 0.085 1.64 0.161 0.161 1.68
4.34 0.165 0.083 1.78 0.140 0.070 1.89 0.210 0.105
4.38 0.040 0.040 1.81 0.035 0.035 1.92 0.030 0.030
2.93 1.120 0.045
5.64 1.260 0.033 3.61 0.680 0.052 3.59 1.670 0.044
3.61 0.000 0.000 3.59 0.000 0.000
6.84 1.200 0.043 4.40 0.785 0.029 4.45 0.860 0.032
7.30
0.047 0.052 0.042
5.15 4.75 2.77
2.75 2.92 2.77
